Studies on the metabolic fate of some aromatic compounds in isolated cell systems. by Jones, Carol A.
STUDIES ON THE METABOLIC FATE OF SOME 
AROMATIC COMPOUNDS IN ISOLATED CELL SYSTEMS
by
CAROL A. JONES B.Sc,
A  thesis presented to the University of Surrey 
for the Degree of Doctor of Philosophy in 
Biochemistry.
April 1978
Department of Biochemistry, 
University of Surrey, 
Guildford,
Surrey
s'? 01 0 ci x,
ProQuest Number: 10798274
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10798274
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
FOR MY PARENTS
I do not know what I may appear to the world, 
hut to myself, I seem to have been 
only like a boy playing on the sea-shore, 
and diverting myself in now and then 
finding a smoother pebble or a prettier shell than ordinary, 
whilst the great ocean of truth 
lay all undiscovered before me.
Sir Isaac Newton.
ACKNOWLEDGEMENTS
I should like to express my sincere appreciation to Dr, J.W. Bridges 
for his unfailing interest, encouragement and guidance throughout this 
project and for his constructive criticism during the preparation of the 
thesis. I am also greatly indebted to Dr* J.R. Fry for his constant 
support and for the invaluable advi.ce and practical assistance on many 
occasions
I am especially grateful to Dr. G.M. Cohen for his enthusiastic support
of the studies on benzo(a)pyrene metabolism and for the many fruitful
discussions.
My thanks are also due to several colleagues for the hours of valuable 
discussion and profitable collaborative work. In particular, I should like 
to thank Mr. P. Wiebkin for his willing assistance in many of the metabolic 
studies in isolated hepatocytes, Mr. B.P. Moore for his unselfish and
expert practical help during the benzo(a)pyrene studies and Dr. J. Kao and
Dr. R.K. Lowing for their valued contribution to the benzoic acid studies 
and cell culture work, respectively.
I should also like to thank Mrs* Jennifer Agombar for typing this thesis 
with great care and speed and the Science Research Council for their 
financial support.
This project would not have been completed without the love and 
understanding of my parents and special friends Gwen, Mary and Sandy and a 
naughty little pussy, Nicholas Thomas.
GLOSSARY
polycyclic aromatic hydrocarbons 
benzo(a)pyrene
4,5-dihydroxy-4,5-dihydrobenzo(a)pyrene
7.8-dihydroxy-7,8-dihydrobenzo(a)pyrene
9.10-dihydroxy-9,10-dihydrobenzo(a)pyrene
7.8-dihydroxv-9,lO-epoxy-7,8,9,10- 
tetrahydrobenzo(a)pyrene
9.10-dihydroxy-7,8-epoxy-7,8,9,10- 
tetrahydrobenzo(a)pyrene
1-hydroxybenzo(a)pyrene
3-hydroxybenzo(a)pyrene 
7~hydroxybenzo(a)pyrene 
9-hydroxybenzo(a)pyrene 
6-hydroxymethylbenzo(a)pyrene
9.10-dihydroxybenzo(a)pyrene
7.8.9.10-tetrahydroxy-7,8,9,10- 
tetrahydrobenzo(a)pyrene
trihydroxy-pentahydrobenzo(a)pyrenes
7,12-dimethylbenz(a)anthracene
benzo(a)pyrene hydroxylase (arylhydrocarbon
hydroxylase)
mixed function oxygenase(s) 
epoxide hydratase
uridinediphosphate giucuronosyltransferase 
cytochrome P ^ Q
uridine diphosphoglucuronic acid
3-phosphoadenosine-5,-phosphosulphate
e thy lgly c o 1—b i s- ((3-amino-e thy 1 e ther )N, N ' —
tetraacetic acid
PAH
BP
4,5-dihydrodiol
7.8-dihydrodiol
9.10-dihydrodiol
7.8-dihydrodiol- 
9,10-ox.ide, 
diolepoxide
9.10-dihydrodiol-' 
7,8-oxide
1-hydroxyBP
3-hydroxyBP
7-hydroxyBP
9—hydroxyBP
6-hydroxymethylBP
9,10 dihydroxyBI^ 
catechol
7.8.9.10-tetra 
hydrotetrol, 
tetrol
triols
DMBA
BP hydroxylase 
(AHH)
MPO
EH
UDP—gIncurony1
transferase
cyt P450 
UDPGA
PAPS
EGTA
2+ 2+
Dulbecco’s phosphate buffered saline (no Ca , Mg )
Hanks balanced salt solution
Liebovitz medium
minimal essential medium
foetal calf serum
tryptose phosphate broth
sodium hydroxide
thin layer chromatography
high pressure liquid chromatography
PBS* A 1
Hanks BSS
L-15
MEM
ECS
TPB
NaOH
t.l.c.(TLC)
HPLC
trichloroacetic acid
2,5' diphenyloxazole
p-bis— 2-(4-methyl-5-phenyloxazoyl)
benzene
& -aminolaevulinic acid synthetase
= TCA 
= PPO
= dimethy1P0P0P 
= S —ALA-synthe ta s e
ABSTRACT
Intact hepatocytes have been prepared from a number of adult • 
mammalian species by a procedure involving digestion of the finely 
sliced liver in a mixture, of collagenase and hyaluronidase enzymes.
The cell yield, viability index and ability of the hepatocytes to 
form non-proliferating monolayer cultures was assessed. This procedure 
was also applied to the isolation of viable renal tubule fragments 
from several species.
The metabolism of a number of aromatic compounds, namely biphenyl,
7-ethoxycoumarin, benzo(a)pyrene and 4-methylumbelliferone was studied 
in hepatocytes isolated from the rat, ferret and hamster. Overall, 
hamster hepatocytes exhibited the greatest degree of mixed function 
oxidase and UDP-glucuronyltransferase activity. Rat hepatocytes were 
superior to ferret hepatocytes in metabolising capability. The ferret 
hepatocytes were generally less efficient at conjugation, particularly 
with glucuronic acid.
Renal metabolic activities were considerably less than those of 
liver. The metabolism of benzoic acid was studied in liver and renal 
cell preparations from the rat,hamster, ferret and dog. Benzoic acid 
was conjugated extensively with glycine by hepatocytes and renal cells 
of the rat and hamster, whereas, the renal cells alone, performed this 
reaction in the dog and ferret. Hepatocytes from these animals showed 
a limited ability to form benzoylglucuronide.
The metabolism of [:>H]-benzo(a)pyrene (BP) was investigated 
more fully in the hepatocyte suspensions and cultures. In the rat 
hepatocyte suspensions, significant differences in the distribution of
the metabolites between the cells and extracellular medium were 
observed. Phenols accumulated intracellularly and only small 
amounts were released into the medium. Sulphate esters of the 
phenols also accumulated but to a lesser extent. 4,5-Dihydrodiol and
7,8-dihydrodiol were distributed more evenly between the cells and 
medium whereas 9,10-dihydrodiol was found mainly in the medium. 
Conjugates of the phenols, 4,5-dihydrodioi, 7,8-dihydrodiol and
9,10-dihydroxyBP (catechol) were detected in the extracellular 
medium. 7,8,9,10-Tetrahydrotetrol was identified as a further 
metabolite of 7,8-dihydrodiol. Low amounts of radioactivity were 
bound to cellular macromolecules.
Hamster hepatocytes formed significantly greater amounts of
4,5-dihydrodiol and a quinone, probably 3,6-qulnone" than the rat. 
Ferret hepatocytes metabolised BP in a manner comparable to the rat 
but the proportion of conjugates formed was lower and the primary 
products were not retained to such a degree within the cells. The 
extent of BP metabolism by the cultured hepatocytes was only 10'-.20$ 
of that measured in the freshly isolated cells although the metabolic 
profile was the same. After 3 — 4 days, the hepatocyte cultures 
become overrun with fibroblasts which could metabolise BP in a 
manner comparable to the hepatocytes. Pure fibroblast cultures were 
more susceptible to the toxicity of BP but when grown in the presence 
of hepatocytes, this toxicity was significantly reduced.
Hepatocytes exposed to BP in culture, showed increased levels of 
NADPH-diaphorase, succinic dehydrogenase and leucylnaphthylamidase 
activity; the activity of glucose-6—phosphate dehydrogenase was 
inhibited and DNA repair synthesis was increased.
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CHAPTER 1
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INTRODUCTION
1*1* General Rationale and Objectives
Man is continually exposed to a highly complex and varied 
mixture of chemical compounds. Although many of these are acceptable 
as a source of nutrients for the maintenance of well-being in the body, 
a large proportion of those ingested, inhaled or absorbed are of no 
nutritional benefit and may seriously interfere with the metabolic 
processes of the body;causing toxicity. These chemicals, often termed 
foreign compounds or xenobiotics, constitute a very diverse chemical 
group including drugs, food additives, pesticides, herbicides, 
endotoxins, alkaloids and chemical pollutants. As a protection against 
such potentially harmful compounds, the body has developed a 
sophisticated detoxication system. Lipophilic foreign compounds tend 
to be readily absorbed but normally require transformation into more 
polar entities to facilitate their excretion from the body. The 
processes involved in the absorption, distribution, metabolism and 
excretion of foreign compounds are highly interrelated and subject to 
many variables. The actual fate of a compound is also dependent upon 
its chemical nature, the route of administration or exposure, the 
animal species involved and the nutritional and pathological status 
of the animal. The fate of a compound in man is generally evaluated 
by extrapolation of the findings in experimental animals. Different 
species, however, may demonstrate a high degree of individuality in 
their handling of compounds thus, the extrapolation to man may be 
extremely tenuous. The studies in experimental animals can involve a 
variety of in vivo and in vitro techniques. The choice depends largely 
upon the scope and objective of the study. The findings from in vivo
studies are frequently highly complex to interpret hut those from 
in vitro systems, such as tissue homogenates and subcellular fractions, 
may misrepresent both qualitatively and quantitatively the true 
picture in vivo. In the last five years, whole cell systems from 
adult mammalian tissues, chiefly liver,have been used in the study 
of a limited range of foreign compounds. This approach has been 
adopted in the present study as it is believed that freshly isolated 
cell systems are a simple, economic model, resembling closely the 
in vivo situation of the intact organ, from which the cells were 
derived. In this thesis, an attempt is made to evaluate whole cell 
systems for the investigation of foreign compound metabolism, especially 
those aspects of metabolism which are difficult to appraise in other 
experimental systems, e.g. the uptake and excretion of compounds, the 
regulation of metabolism and its effects on other cellular functions.
The metabolism of a variety of aromatic compounds has been studied in 
whole cells from several species and different tissues. Correlation 
with in vivo data has been attempted in several cases. As the availability 
of fresh samples of human tissue (biopsies) increases, it is hoped 
that similar studies may be performed on freshly isolated human cells.
By comparing the in vitro and in vivo data in animals with this 
in vitro data for man, it is hoped that a more rational extrapolation 
of animal results to man might be obtained.
The general principles of foreign compound metabolism are outlined 
in the remainder of this chapter together with a discussion of those 
factors, pertinent to this thesis, which may influence the metabolic 
fate of a particular compound.
1.2.1. Aims of Metabolic Studies
Foreign compounds are very numerous, and diverse and virtually 
all of them undergo some degree of metabolic change in the body. In 
general, metabolism leads to the formation of products with a higher 
degree of polarity than the parent compound,which are thereby more 
conducive to clearance from the body by renal or biliary excretion. 
These metabolic processes are essential for the protection of the 
body as most foreign compounds are capable of evoking some degree of 
pharmacological or toxic response but are usually rendered more or 
less inert, i.e. detoxicated, through metabolism. There are many 
anomalous compounds,however, that are transformed into entities with
either a higher degree of lipophilicity (e.g. acetanilide ^aniline)
or with greater bioacti.vity (e.g. polycyclic aromatic hydrocarbons may 
be metabolised into highly carcinogenic compounds - see Chapter 4).
The fate of a foreign compound in the body must be considered in 
terms of its absorption, distribution, metabolism (chemical trans­
formation) and excretion. These stages are interrelated and each 
may be subject to a wide range of variables. Metabolic studies aim 
to provide information on the following aspects of the fate of foreign 
compounds:
1. the overall disposition of the compound in terms of absorption, 
distribution and excretion, with a kinetic evaluation of the 
relevant processes.
2. the identification of the metabolic pathways by which the compound 
may be chemically transformed and their quantitative and biological
importance in the overall metabolism.
3. the identification of intermediates and end products generated in 
these pathways.
4. the enzyme mechanisms responsible for the observed metabolism.
5. the biochemical control mechanisms which help to determine 
the flux of compound in a metabolic pathway and the 
contributing effects of other factors - exogenous or 
endogenous.
6. an assessment of the degree of successful detoxication - of 
the compound and hence a safety evaluation of the compound and 
its metabolites in man .
The liver is quantitatively the most important site of foreign 
compound metabolism (Remmer, 1970) although other tissues, particularly 
lung, skin, intestinal wall and kidney also possess some degree of 
metabolic competence (Uehleke, 19o9j Aitio, 1973; Miettin & Leskinen, 
1963; Littest et__al.,1975)• The contribution of these extrahepatic 
tissues is dependent to a large extent upon the route of administration 
of the compound and the species involved.
The metabolic reactions involved in detoxication may be classified
into four principal types, i.e. oxidation, reduction, hydrolysis and
synthesis (conjugation). The first three types are termed phase 1
reactions while the synthesis reactions are termed phase 2 (williams,
1959; Parke,1968). Generally foreign compounds are metabolised by
one or more of the phase*1 reactions and the products are further
metabolised by a phase 2 reaction but some compounds are metabolised
solely by either a phase 1 or 2 reaction. The nature and extent of
metabolism depends upon the physicochemical properties of the compound,
the route of administration, the influence of other compounds either
administered previously or concomittantly with the compound under study,
and the kinetics of competing enzyme reactions. In Tables 1J.and 1.2,the
principal phase 1 and 2 reactions have been listed with their subcellula 
location.
1.2.2.1. Phase 1; Mixed Function Oxidase(s)
Most phase 1 oxidation reactions are localised in the
endoplasmic reticulum (microsomes) of the cells.NADPH, molecular 
24-
oxygen and Mg are normally required for foreign compound oxidation 
to occur (Brodie et al., 1958). As there is a requirement for 
reduced nucleotides and oxygen, the system is considered to be a 
mixed function oxidase ^Mason, 1957) or mono-oxygenase (Hayaishi, 1962) 
system. It has a very broad, substrate specificity including drugs, 
pesticides, polycyclic hydrocarbons, and food additives (Conney e t a l . , 
1957; Brodie et al. ,1958) as well as endogenous substrates such as 
steroids and fatty acids (Das, 1968; Kuntzman et al., 1964).
Many tissues have been s h o w  to possess mixed function oxidase
activity (Nebert & Gelboin, 1969; Wattenberg &  Leons', 1971).
In principle, the mixed function oxidase catalyses the incorporation 
of one atom of molecular oxygen into the compound and the other into 
water as summarized below:
+ MFO 4-NADPH 4- Og 4- compound 4- H -------- 4 NADP 4- oxidised compound
+ H2°
The system contains the following components:
1) a group of haemoproteins, collectively termed cyt P450 (Thomas et al., 
1976; Lu et a l 1975; Huang et a 1. ,1976; Werringloer and Estabrook, 
1975).
2) a flavoprotein, NADPH - cyt P450 reductase (closely related to
cyt c-reductase) and
3) a heat-stable factor, phosphatidyl choline.
The interaction of these components in the hydroxylation of xenobiotics
Table 1.1
Typical Phase 1 Reactions
Reaction Subcellular Location
Microsomes Mitochondria Cytosol
Oxidation:- Hydroxylation -aliphatic + +
aromatic 4*
Deaikylation 0- +
N—  ' +
S- +
Oxide formation N- +
S- +
Epoxidation 4-
Alcohol oxidation 4* +
Aromatisation 4-
Oxidative Deamination 4-
Reduction:- Nitroreduction 4- 4*
Azoreduction 4-
Aldehyde reduction ■4*
Oxide reduction 4-
Hydrolysis
Deesterification 4- 4-
Deamination . + 4-
is not fully understood but has been rigorously investigated using 
various aromatic foreign compounds (Bjorkhem, 1977; Gillette, 1971a; 
Estabrook et a 1.,1971). A mechanistic scheme for cyt P450- 
dependent hydroxylations is given in Pig. 1.1.
Many substrates and other compounds can induce the mixed function 
oxidase system (Conney & Burns, 1962). The inducers can be classified 
into 2 major categories, those which increase the oxidation of a wide 
range of drugs, steroids and fatty acids, i.e. the phenobarbitone-type 
inducers (Alvares et al.,1967; Orrenius et al.,1965) and those that 
enhance the metabolism of a more limited range of substrates, which 
seem more specific for polycyclic hydrocarbons and other aromatic 
compounds, i.e. the 3-methylcholanthrene-type inducers (Gelboin, 1969;
Sladek & Manneiing,1966). In both cases an increase in cytochrome 
content and reductase activity is observed, but the two categories 
of inducers give rise to different types of cytochromes as identified 
by their spectral characteristics (imai, 1966; Hildebrant et al.,1968), 
the phenobarbitone-type producing a reduced CO-binding spectrum at 
450 nm whereas the 3-methylcholanthrene type yield a reduced CO- 
binding spectrum at 448 run. The inducibility of the mixed function 
oxidase varies with the tissue and species and is affected by age, 
sex and hormonal balance (Nebert & Gelboii, 1969) and is under genetic 
control (Nebert & Gielen, 1972). Considerable progress has been made 
towards the purification and characterisation of the multiple forms 
of cyt P450 in order to explain its broad substrate specificity and the 
effects of inducers (Ryan et al.,1975; Thomas et al.,1976; Lu & Levin,1974).
1.2.2.2. Aromatic Hydroxylation.
This is a commonly occurring phase 1 reaction and is the basis 
of several assays of mixed function oxidase activity. It has been the
Mechanism of microsomal cytochrome P^^-dependent
hydroxylations (Bjorkhem, 1977)
NADPH
SOH
F e ^ - S O H
CO
e
Fe
hv
Fe~'~CO
NADPH-cytochrome 
/P4 50—re due ta s e 
/
/
/
✓
3+Fe -S
cytochrome
b,- reductase 
5
cytochrome
P , r e d u c t a s e  
450
NADPH
NADH
subject of much research as it is both interesting mechanistically 
and in many cases;leads to the generation of some highly reactive 
species; for example, the formation of epoxide intermediates from 
polycyclic hydrocarbons.
It appears that most aromatic hydroxyiations occur via the 
formation of an arene oxide or epoxide (Daly et al.,1972) and it 
is these intermediates which are currently believed to cause serious 
cytotoxic, mutagenic or carcinogenic effects in biological tissues.
The first step in the formation of an aromatic phenol is normally 
the insertion of one atom of oxygen to form an epoxide ring. The 
ring opens to give a zwi-tterion intermediate which undergoes an 
intramolecular shift to form the keto-tautomer of the phenol. 
Subsequent enolisation leads to formation of the phenolic compound.
At physiological pH, the isomerisation of the epoxide to a phenol 
occurs spontaneously* and this phenomenon is described as the NTH 
shift (Guorff, 1967; Jerina & Daly, 1974) (Fig. 1.2).
The isolation and identification of several aromatic epoxides, 
e.g. benzo(a)pyrene-4,5-oxidejhas given support to this particular 
theory. Other mechanisms of aromatic hydroxylation have also been 
proposed, but the evidence for the existence of these is not so 
conclusive. For example, it is suggested that the phenol may be 
generated via a direct hydroxyl insertion mechanism as exemplified 
by the formation of m-chlorophenol from chlorobenzene (Selander et al., 
1975) and for a number of other substrates (To/E*aszewski et al., 1973)» 
A mechanism of direct insertion rather than hydrogen abstraction is 
postulated (Fig. 1.3). Yang et al-(1977>) have demonstrated that 29^ 
of 3-monohydroxybenzo(a )pyrene is formed from benzo(a)pyrene in rat
Fig. 1.2. N.I.H. Shift
R
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/
NIH
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R
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\ x
0
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Fig. 1.3. Abstraction Mechanism
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liver microsomes via the 2,3-epoxide intermediate. It is, therefore, 
possible that the remaining IVjo is formed by a direct hydroxylation 
mechanism.
Benzene may be converted to phenol via hydroxymethylation, 
i.e. benzylalcohol is produced as an intermediate in the reaction 
(Sioane, 19b5). An active folate derivative is postulated to act 
as the carbon donor (sioane & Heinemann, 1970). p-Aminophenol is 
purported to be produced from aniline by a similar mechanism. 
Hydroxymethylation is probably a very minor and specialised pathway. 
Benzo(a)pyrene undergoes hydroxymethylation at the 6 position but 
this is not catalysed by the mixed function oxidase (sioane and 
Davies, 1974).
There are many reports of the involvement of epoxides in 
carcinogenic (Huberman et al.,1971) and cytotoxic (Brodie et al., 1971) 
events. The implication of an alternative pathway for aromatic 
hydroxylation is therefore very attractive, particularly if molecular 
design can in some vuy influence the reaction mechanism to avoid 
epoxide formation.
Not all metabolically formed epoxides are toxic, however; e.g. 
metabolic epoxidation o£ 4-acetylaminostilbene protects against its 
activation to a mutagen (Glatt et a 1.,1976).
1.2.2.3. Epoxide hydrase (hydratase)
Epoxides may undergo several metabolic fates namely, hydration 
to form dihydrodiols, conjugation with glutathione ? binding to tissue 
macromolecules 'or isomerisation to phenols.
Hydration of aromatic epoxides is catalysed by the enzyme, 
epoxide hydrase which is closely associated with the mixed function 
oxidase in the endoplasmic reticulum. (Qesch, 1973; Lu et a1.,1973)
It is latent to a slight extent in rat liver (Burchell et al.,1976) 
and it is possible that more than one epoxide hydrase exists 
(Qesch et al.^1971) but both .benzo(a)pyrene-4,5-oxide and styrene 
oxide appear to be hydrated by the same enzyme (Oesch & Bentley, 1976). 
The purified enzyme has been prepared by Lu et a l .(l977)»
Epoxide hydrase activity is greatest in liver but activity 
is also found in testis, lung, kidney and intestine (Oesch et al.,, 1977)» 
The epoxide hydrase of human liver has recently been characterised 
by Kapitulnik et al. (1977b.).
In general, the epoxides are converted into dihydrodiols with the 
trans-configuration (Oesch et al.,197l)» There are many epoxides, 
however, that are not good substrates for epoxide hydrase, e.g. 
benzo(a)pyrene diolepoxides (Wood et a 1., 1976a). Other epoxides are 
too unstable for epoxide hydrase to play a part in their metabolism 
and these proceed non-enzymically to the dihydrodiols (Sims &  Grover, 
197k) .
Table 1.2
Typical phase 2 Reactions
....
Reaction
. .. -A'- "
Donor Accepting Group Subcellular
Location
Glucuronic Acid 
Conjugation
■
.
TJDPGA -OH, -C00H, -NH ' 
NH, -SH
-c o n h 2
Microsoraes
Sulphate
Conjugation
PAPS ArOH, ArNH 
ROH 2
Cytosol
Acetylation
.
Acetyl-
CoA
ArNH2 , FuN H M 2 , 
RNH2 , . ArS02NlI2
Cytosol
Amino Acid 
Conjugation:
Glycine Glycine
CoASH
ArCOOH,
ArCHgCOOH
Mitochondria
Mercapturic Acid Glutath-v
ione
-Cl, -Br, -N02 
Epoxides 
Aromatic hydro­
carbons
Cytosol
Methylation
' 1
S-adenosyl-
methionine
■ ArOH, -NH9 , 
NH, -SH
Cytosol
1.2.3c1. Phase 2 Reactions
These are addition or conjugation reactions in which the 
foreign compounds or their metabolites are combined with endogenous 
substrates. These reactions are particularly important for the 
transport and excretion of various compounds as the conjugates formed 
are generally more polar and water-soluble than the parent compounds. 
Endogenous substrates, .e.g. bilirubin, steroid hormones, may also 
undergo conjugation reactions. Typical phase 2 reactions are listed 
i n  Table 1.2. Three of these are described in more detail below.
1.2.3.2. Glucuronic Acid Conjugation
This is the most common conjugation reaction and is catalysed 
by UDP-glucuronyl transferase. This name probably refers to a 
multi-enzyme system located within the endoplasmic reticulum 
(Del Villar et al., 1977? Dutton, 1966). The lipid environment is 
necessary for the enzyme to function. It is found in most tissues 
and species where mixed function oxidase activity also occurs. The 
cat and Gunn rat, where the transferase enzymes are deficient, are 
exceptions to this (Miettinen &  Leskinen, 1970; Aitio, 1973).
The reaction involves the combining of glucuronic acid as part 
of an activated intermediate, with an acceptor molecule containing 
one of the following functional groups: -OH, -CO^H, -SH, -NHg (Smith 
&  Williams, I966). The active intermediate is synthesised in the 
cytoplasm as described below and then transferred into the endoplasmic 
reticulum by an unknown mechanism which may involve a carrier molecule 
(Dutton &  Burcliell, 1977; Aitio, 1973).
Glucose-l-Phosphate + UTP -----.-> UDP-Glucose + pyrophosphate
pyrophosphatase
UDP-glucose 2NAD + H20 -> UDP-glucuronic acid + 2NADH + 2H
UDPG-dehydro-
genase
uDP-glucuronic acid + R-OH -a TJDP + R-O-Glucuronic Acid
e.g. 4 hydroxy hiphenyi
OH
COOH
OH OH
OH
OH
0
OH
UDP-g1ucurony1 
transferase
AHN I]
UDP-glucuronic acid
0 —  CH.
OH OH
UOH 0
4 hydroxy 
biphenylOH
glucuronic
+ UDP
UDP-glucuronyl transferase is induced by phenobarbitone or 
3-methylcholanthrene (Bock &  White. 1974; Vainio & Hanninen, 1974; 
Aitio, 1973). This affects the substrate specificity of the enzyme 
(Bock et al.,1973) possibly because different forms of the enzyme 
are selectively induced or changes in the protein/lipid environment 
are produced (Dutton, 1971).
1.2.3.3. Sulphate Conjugation
The formation of sulphate conjugates takes place in the 
cytoplasm of the liver (Robbins & Lipmann, 1957). The reaction is
catalysed by a sulphotransferase (sulphokinase) enzyme which may 
actually comprise a family of enzymes (Dodgson &  Rose, 1975). 
Initially the sulphate group is activated through a 2-step 
reaction with ATP to form 3 ’-phosphoadenosine-5'-phosphosulphate 
(PAPS). -
ATP + SOf
4
-----------? Adenosine 5 '-phosphosulphate + Pyrophosphate .
sulphurylase (APS)
APS + ATP PAPS + ADP .
APS-kinase
3-phosphoadenosine-51-phosphosulphate .
l^APS + R-O-H 
0-0“
x = —  0— P 
I
OH
OH
+ R-0-S0„H.
j
-> PAP
3 1-phosphoadenosine-5’— phospha te
4-hydroxybiphenylsulp
at
CHJ3- P - 0 — SO~H
I 5
OH
+
PAP
Sulphotransferase activity is found in most mammalian tissues 
although its physiological significance is not necessarily the same 
in each (Dodgson, 1976). Treatment with 3-methyl cholanthrene increases 
sulphotransferase activity (Hamada & Gessner, 1975) but there is no 
apparent induction following phenobarbitone treatment.
1.2.3.4. Amino Acid Conjugation
a) With Glycine
Compounds containing a carboxyl group may be conjugated with an 
amino acid. The method of conjugation is different from that of
glucuronidation or sulphation as.it involves the formation of an
active derivative of the carboxylic compound through combination 
with acetyl-CoA, which subsequently reacts with an amino acid. 
This takes place in the mitochondria. In mammals, glycine is 
the most commonly used amino acid although some substrates are
Benzoic Acid
b) Glutathione is a peptide containing 3 amino acids. It forms 
conjugates via the thiol group of its cysteine residue with many 
alkyl and aryl compoimds (Chasseaud, 1973? Booth et al.,196l)
Many conjugation reactions with glutathione can proceed non— 
enzymically, others require the mediation of an enzyme. There is 
particular interest in the conjugation of glutathione with epoxides 
and diol epoxides formed from carcinogenic polycyclic hydrocarbons 
(Sims & Grover, 1974; Keysell et al.,1975)*
conjugated with glutamine (Williams, 1959)* In other suecies, amino
acids such as tauine, ornithine or arginine may be used, (williams,
A
1959).
Ar COOH + ATP Ar-CO-AMP + Pyrophosphate
acylsynthetase
Ar-CO-AMP + CoASH ^ A r — CO— S —  CoA + AMP
acylkinase
Ar-CO-S-CoA + NH^— CHg—  COgH
Glycine transacylase c o 2h
+ CoA SH
e.g
CoASH
Hippuric Acid
No active intermediates are required in this reaction. 
Glutathione-S-transferase enzymes are located in the cytoplasm.
Seven forms have been purified from rat liver (Habig et al ., 1974) 
and five forms from human liver (Kamisaka e~t al, 1975). Different 
forms of the enzyme have been shown to possess different substrate 
specificities and to respond differently to the presence of inducers 
(Grover, 197&). Transferase activity is also found in lung, kidney 
and intestine (Littest et al., 1975; Grover^ 1974; Kirseh et a l ., 1975 
Pinkus et al., 1977).
Glutathione conjugates may undergo hydrolysis to an arylcystine 
intermediate, premercapturic acid, followed by acetylation to form 
a mereapturic acid which is the most common excretion product 
following glutathione conjugation (Goldstein et al., 1974).
1.2.4. Metabolism of Polycyclic Hydrocarbons (PAH)
Polycyclic hydrocarbons are ubiquitously distributed in our 
environment and many have been shown to produce serious mutagenic 
carcinogenic and other toxic effects in biological tissues (Natl.
Acad. Scientists,1972; Heidelberger, 1975). The metabolism of these 
compounds is very complex and demonstrates the high degree of interplay 
between the metabolic pathways of the body. Steady state levels of 
the toxic intermediates will be determined by the various competing 
phase 1 and phase 2 enzyme reactions and by the many factors that 
influence their activities. In turn, the levels of toxic intermediates 
will affect the susceptibility of the tissue to the deleterious effects 
of the compounds. .
A  summary of the principle metabolic pathways engaged in the 
metabolism of PAH’s is given in Fig. 1.4 Initially PAH*s are metabolised 
by the mixed function oxidase(s), often called aryl hydrocarbon 
hydroxylase(s) with respect to PAH, (Conney, 1967; Gelboin et 'al.,1972), 
to epoxides which can subsequently undergo a series of metabolic 
reactions. Epoxides can be hydrated by the epoxide hydrase system to 
trans-dihydrodiols or conjugated with glutathione by the glutathione 
transferase enzymes (Sims & Grover, 1974). They may also isomerise 
to form phenols (Sims & Grover 1974) or bind to nucieophilic tissue 
components (jeriaa& Daly71974). Phenols, dihydrodiols and possibly 
some arene oxides may be conjugated with glucuronic acid or sulphate. 
Phenols may also be converted into quinones, either spontaneously or 
via oxidases (Gelboin et al. ,1976). Dihydrodiols may also be 
dehyarogenated by a soluble enzyme to form dihydroxy compounds (catechols) 
which can then form glucuronic acid or sulphate conjugates (Booth &
Sims, 1976). Some dihydrodiols may be metabolised further by the
The Principal Metabolic Pathways of Benzo(a)pyrene
MFO ?
MFO Quinones
Glutathione 4- 
Conjugates
GT
(Epoxides)
Phenols
Mercapturic 
Ac i d C o n j uga t e s EH UDPGT Sulphate
Conjugates
UDPGT
DihydrodiolsReactions with 
Nucleoproteins
■> Glucuronide 
Conjugates
A  J
DH
MFO
Catechols/
'-j
•Diol- epoxides
GT
Glutathione
ConjugatesW
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MFO = mixed function oxygenase 
EH = epoxide hydratase
GT = glutathione transferase
UDPGT= UDP-glucuronyltransferase 
ST = sulphotransferase
DH = dehydrogenase
mixed function oxidases to ‘diolepoxides,'which can also interact with 
nucieophilic tissue components. Diol epoxides are currently postulated 
as the ultimate carcinogenic forms of many polycyclic hydrocarbons 
(Newbold & Brookes, 1976; Wisiocki.et al^l9.76a /They may undergo hydration 
(enzymically or inihe absence of enzymes) to tetrahydrotetrols,
(Yang et al.,I976) or be reduced in the presence of NADPH to 
trihydroxypentahydro-derivatives (Yang & Gelboin, 1976; Yang et a1.,1976) 
or form glutathione conjugates.
These various metabolic pathways will be discussed in more detail 
in Chapter h with respect to the metabolic fate of benzo(a)pyrene, a 
fairly typical representative of the carcinogenic PAH class. As 
can be seen from this brief outline, upon entering the cell, a 
compound becomes a potential substrate for a variety of enzymic 
reactions. The flux of compound in any particular reaction is subject 
to many regulatory factors including enzyme activity and specificity, 
its subcellular location, and the availability of cofactors. The 
metabolites formed may, in turn, be channeled into a variety of 
metabolic pathways, again influenced by various competitive and 
controlling factors. In this manner, a vast plethera of metabolites 
can be formed from one single compound.
1.3*1. Factors affecting-the Metabolism of Foreign Compounds
The toxicity or pharmacological activity of a compound is determined 
to a large extent by its metabolic fate. There are many factors which 
influence the nature and extent of metabolism and hence the biological 
activity of the compound. These factors can be divided into three 
categories: physiological, genetic and environmental (Parke, 1968;
Lang &  Vessell, 1976) (Table 1J5). Those factors pertinent to the present 
investigation will be considered in more detail in the following sections.
Table 13
Factors affecting the Metabolism of Foreign Compounds
Category Factors Reference
Genetic Species Differences Williams, 19^7
Strain Differences Nebert &  Felton, 1976
Physiological Age Dutton, 1966 
Basu, 1971
Sex ■ Hathway, 1970
Tissue Litterst et aL, 1975
Nutritional Status Campbell &  Hayes, 197^ 
Conney et aL, 1977
Disease State J Parke, 1968; Kato, 1977
Hormonal Balance Kato, 1977
Circadian Rhythms Tredger &  Chhabra,71977
Route of Administration Dollery et al., 1971
Dose, frequency of exposure Bridger et al., 1970
Absorption Chasseaud, 1970
Plasma proteinic tissue binding Bridges &  Wilson, 1976
Membrane permeability von Bahr et al., 197^
Biliary & renal excretion Chasseaud, 1970; Smith & 
Williams, 1966
Enterohepatic recirculation Smith &  Williams, 1966
Environmental Stress Kato, 1977
Atmospheric conditions Kato, 1977
Exposure to other chemicals:
- displacement from receptors
- induction
- inhibition
- membrane damaging agents
Dayton &  Perel, 1971 
Conney et al., 1967, 1971 
Anders, 1971 
Weddle et ah, 1976
1.3.2. Species Differences in Foreign Compound Metabolism.
It is too hazardous to study the fate of novel foreign 
compounds or those of unknown toxicity in man, therefore, it has 
been the common practice to select alternative mammalian species 
for use in biotransformation studies. Unfortunately no single 
animal will resemble man identically in its responses to all foreign 
compounds. Although the same fundamental principles of biotransformation 
are demonstrated by all mammals, wide differences often exist in 
factors such as metabolic profile, nature, duration and intensity of 
biological effect etc. This problem may even exist when similar 
compounds are studied in apparently closely related species. Thus the 
extrapolation to man of the findings of animal experiments is often 
highly tenuous.
Of all the various factors which may influence drug dispostion, 
most species variations can be linked to differences in the metabolic 
phase. These reactions are mediated by specific enzymes whose nature 
and distribution is under genetic control. Thus genetic variations 
between species and even between different strains of the sane species 
may be reflected in variations in metabolising ability. It may be 
argued that the detoxicating enzymes have not been subject to such 
severe environmental pressure to preserve an invariant or conservative 
structure as compared to those enzymes associated with intermediary 
metabolism. In recent years, there have been comprehensive reviews 
of species differences in foreign compound metabolism (Williams, 196?; 
Parke & Smith, 1976; Conney et aL, 197^). Only some of the major 
factors involved will be outlined here.
Species differences can be described in terms of both quantitative
and qualitative variations. Quantitative differences arise when 
there are differences in the nature of the enzyme performing a 
reaction, or the amount of an enzyme, inhibitor or activator, or the 
extent of consecutive or converse reactions,or cofactor availability. 
Qualitative differences are caused by the presence or absence of the 
active form of a particular enzyme.
In general, variations in phase I reactions tend to be quantitative 
in nature, whereas phase 2 reactions may also show qualitative 
variations (williams, 1967; Testa & Jenner, 1976, chapt. 2.3).
Many phylogenic variations are apparent in phase 2 reactions but 
these are generally less complex to study than phase 1. A  rationale 
for the differences occurring in phase 1 reactions has yet to be 
outlined.
1.3.2.1. Species Differences in Phase 1 Metabolism.
Aromatic hydroxylation has been found to occur in a wide range 
of species including yeasts, plants, insects, birds, reptiles and 
mammals. Species differences can be manifested in at least three 
ways (i) the extent of hydroxylation in one position in the molecule 
can vary between species, (2) the hydroxylation may be ‘-orientated 
and the extent of orientation can vary with species and (3) a 
particular hydroxylation can occur in one species but not in another 
(Williams, 1967).
These points can be illustrated by considering the metabolism 
of biphenyl in liver preparations from a selection of mammals 
(Creaven etal., 1965). Hydroxylation of biphenyl in the 4 position 
occurs in all species examined but detectable levels of 2-hydroxylation 
are limited to a few species.
Table 14.
Species Differences in 2- and 4- Hydroxylation of Biphenyl
b,y liver preparations in vitro (Creaven et al., 1965)
Hydroxylation (n mo les/mg-hour)
Species 4-0II 2-OH Ratio 4/2 
Hydroxylation
Rat young 2.50 0.32 8
-- adult 1.45 0 GO
Rnbbit - young 3.20 0.13 27
-adult 2.90 0 GO
Mouse 5.70 2.20 2.5
Earns ter 3.80 1.80 2
Guinea Pig 1.40 0 GO
Cat 0.90 0.22 4
It is important for comparisons such as these that optimal experimental 
conditions are found for each species. In many species comparisons 
this is not the case and the conclusions are therefore dubious. Also, 
the relevance of findings from in vitro systems, in which phase 2 
systems are not operating, to the situation in vivo may be doubtful 
in many cases.
Aniline may be hydroxylated in the 0- an{j jp_ positions. In vivo 
studies (Creaven et aL, 1965) have revealed a certain pattern of 
orientation of the hydroxylation in certain species. Carnivores 
produce mostly o-aminophenol' whereas herbivores preferentially 
produce the p-arainophenol.
Pharmaeogenetic differences between species and particularly between 
different strains of the same species has been recently reviewed by 
Nebert & Felton, (1976). Nebert & coworkers have made detailed studies
of the genetic control of aryl hydrocarbon hydroxylase activity 
(Atm) in various inbred strains of mice (Nebert & Gielen, 1972;
Owens & Nebert, 1975)- The response of AHH activity to treatment 
with the inducers phenobarbitone and 3-methyleholanthrene was shown 
to depend upon the presence of a specific AHH induction gene in the 
strain, which is sensitive to PATIs. The C57 strain, in which the 
gene was present, responded to 3-methyleholanthrene with a marked 
increase in AHH activity but a second strain (DBA) in which the gene 
was absent, showed no induction response; whilst phenobarbitone 
produced increased activity in both strains. A  detailed study of 
this phenomenon in the offspring from cross-breeding between these 
strains has revealed that AHH induction by 3-methylcholanthrene and 
other PAHs, is expressed as a simple autosomal dominant trait 
(Nebert & Gielen, 1972).
A comparison of the biochemical and enzymic composition of the 
smooth and rough endoplasmic reticulum has been attempted in order to 
determine the underlying mechanisms of species variation, but the 
significance of the results obtained to the in vivo facts is 
difficult to interpret (for discussion see Testa &  Jenner, 1976,
p. 369).
■1.3.2.2. Species Differences in Phase 2 Metabolism
Species differences in phase 2 reactions may be determined by 
1) the nature and amount of conjugating enzyme; (2) ability of the 
animal to generate the necessary active intermediate nucleotide, e.g. 
TJDPGA, PAPS, (3) the occurrence of conjugating agent, e.g. glucuronic 
acid, (4) nature of the foreign compound including the availability 
of an accepting group (-0H, -C00H etc.) and (5) the presence of 
hydrolytic (deconjugating) enzymes. For example, cats are unable to
form glueuronide conjugates of many compounds through a deficiency 
of giucuronyl transferase whereas pigs show very restricted 
sulphotransferase activity. Peptide conjugation with glycine 
occurs in most mammals hut in man, glutamine is preferentially 
used in the conjugation of arylacetic acids (Williams, 1967). 
Glutathione conjugates are formed in most species hut man, guinea 
pig and pig are relatively poor in performing the necessary steps 
leading to mercaptorijc acid formation. (Grover & Sims, 1964; James 
& Jeffery, 1964).
In many species, several mutually antagonistic enzyme systems 
have been described. Thus the amount of conjugate finally formed 
will depend upon the relative activities of the opposing enzymes, 
e.g. giucuronyl transferase - (3~glucuronidase (Miettinen Leskinen,} 
1970), sulphotransferase - sulphatase (Dodgson &  Rose, 1970), 
acetylase — deacetylase (Weber, 1973).
1.3.2.3. Foreign Compound Metabolism in Extrahepatic Tissues
The liver is quantitatively the most important organ involved in 
the detoxication of foreign compounds but currently, there is much 
interest in the ability of a wide range of other organs and tissues to 
metabolise certain foreign compounds. Since the activity in these 
tissues for most drug metabolising reactions is very low, it has been 
argued that these tissues do not contribute significantly to the total 
body metabolism of foreign compounds but are more importantly involved 
in the metabolism of endogenous substrates. There are three major 
reasons, however, why a comprehensive study of extrahepatic foreign 
compound metabolism would be of great value.
1) As a wide range of tissues possess some degree of metabolising 
activity with respect to many foreign compounds, it is of interest to
investigate the true physiological role of these enzymes for a 
better understanding of the functioning of the body and the 
evolutionary development of its metabolic processes. Cytochrome P450 
in liver and steroidogenic tissues possesses a high substrate 
specificity for steroid hydroxylations, (Orrenius et al., 1973) 
whereas in kidney, there is evidence to suggest that cytochrome'P450 
functions primarily as a fatty acid metaboliser, (Ellin & Orrenius, 1975) 
and in the major gas exchange areas of the body (e.g. myocardium) 
cytochrome P450 may act as an oxygen carrier (Burns & Gurtner, 1973). 
Similarly, glucuronide formation in the gastrointestinal tract may 
serve as an active transport system across the cellular membrane 
(Hartiala, 196l). In these cases, therefore, the teleological 
arguments)which suggest that such enzyme systems developed as a 
result of exposure to foreign compounds, may be more valid for the 
liver than for the extrahepatic tissues.
(2) The significance of the foreign compound metabolising activity 
as a part of the body’s defence system must be evaluated. Those 
extrahepatic tissues with the greatest activity are located at the 
portals of entry into the body, (i.e. lung, intestine, skin), therefore 
these will be the first tissues exposed to bioreactive compounds. The 
health of both these tissues, and the rest of the body as a consequence, 
will depend upon how rapidly and successfully these compounds can be 
detoxicated. The cytochrome P450 content and activity of several 
tissues has been determined and the following order of decreasing 
activity is observed: liver ^ kidney lung intestine testes
adrenals aorta, platelets and brain (Garfinkel, 1963). The 
levels of the other microsomal component, ie. cyt b5 and the reductases, 
are distributed in the same relative proportions. In one study, an 
attempt was made to correlate several phase 1 activities with the 
cyt P45Q content of each tissue (Kato, 1966).
Aryl hydrocarbon hydroxylase activity is found in most tissues. 
Wattenberg and Leong,(l9o2) } developed a histochemical procedure to 
measure changes in the fluorescence properties of benzo(a)pyrene 
during NADPH-dependent metabolism and .demonstrated activity in 
various cell types including lung alveoli and kidney proximal- 
convoluted tubules. Most extrahepatic tissues contain a heterogenous 
population of cells, thus attributing an observed metabolic activity 
to a particular cell type can be difficult (Bend et al., 1973) unless 
good cell separation procedures are available or sensitive histo­
chemical drug metabolism assays are used.
It is possible that where the production of an active intermediate 
induces several metabolic steps, the liver may perform only some of 
the steps and release the proximate agent for absorption by other 
tissues. Those tissues with the metabolic competence for the final 
step will, thereby, become particularly susceptible to the carcinogenic 
or toxic effects of the intermediate. Other tissues may be able to 
more adequately detoxicate the agent and thus would be non-susceptible, 
hence the importance of determining tissue differences in metabolic 
profiles.
In hamster and rat, the lung, but not the liver, is particularly 
susceptible to benzo(a)pyrene carcinogenesis;(iARC No. 5 ) the reason 
for this is not fully understood -as yet. Thus, a thorough investigation 
of the nature1' and levels of toxic intermediates produced and their 
subsequent fates in extrahepatic tissues,will lead to a better 
understanding of tissue and organ specificity in carcinogenesis and 
toxicity.
3) Many of the foreign compound metabolising systems are readily 
induced by exogenous agents. This is to be expected if extrahepatic
metabolism is involved in the body's defence system. However ,the 
induction patterns obtained vary considerably from that observed 
in liver (Testa & Jenner 1976, p. 444).
Many agents that are potent inducers in liver, fail to produce 
any significant effect in other tissues (Wattenberg & Leong, 1971;
Feuer et al., 1971), although in these cases, most of the activities 
studied tended to involve the action of cyt. P450. The major terminal 
oxidase in extrahepatic tissues, however, is thought to be cyt. P448 
(Bickers et al., 1974) and therefore arylhydrocarbon hydroxylase activity, 
which is generally associated with cyt. P448, is more readily induced 
in the extrahepatic tissues by certain agentsf (Wattenberg &  Leon^j 1965? 
Dao &  Yogo, 1964). Species variation in the inducibility of foreign 
compound metabolism also occurs, e.g. rabbit kidney microsomal oxidase 
activity is increased after exposure to phenobarbital whereas that of 
rat kidney is.mot (Uehleke &  Greim, 1968).
Tfae inducibility of aryl hydrocarbon hydroxylase has been suggested 
to play a protective role in the body against the action of carcinogens 
(Wattenberg, 1971, Wattenberg &  Leong, 197l)» It is suggested that 
cells with a poor ability to metabolise polycyclic hydrocarbons, in 
particular, are likely to be more susceptible to their carcinogenic 
effects (Wattenberg & Leonor ,1968). However, much of the data of Nebert 
and coworkers is in disagreement with this (Nebert &  Felton, 1976). 
Therefore the role of aryl hydrocarbon hydroxylase induction in the 
activation of carcinogens is highly complex.
1.3.2.4. Uptake of Foreign Compounds into Cells
Foreign compounds are distributed throughout the body via the 
blood and the lymph. The level of compound in the blood is influenced
by the competition (positive or negative) between the various tissues.
The rate at which a compound reaches the individual cells of 
each organ depends upon the blood flow through the organ and the 
rate at which molecules of the compound can pass across the capillary 
bed and penetrate the membranes of the tissue cells. This rate will 
be influenced by the degree of plasma protein binding of the compound 
(Bridges & Wilson. 1976).
The transcapillary movement of foreign compounds and their passage 
through the cell membrane is governed by the same essential principles.
The amount of compound able to penetrate into the cell will subsequently 
determine both the magnitude and nature of its metabolism and biological 
response. -
The factors influencing the ability of a compound to penetrate the 
cell membrane are:
1) the physicochemical properties .of the compound i.e. lipid/water 
partition coeffieient, aqueous solubility, degree of ionisation, 
molecular weight, state of aggregation.
2) intracellular and extracellular pH.
3) its abilit}7 to interact with passive and active transport systems 
in the cell membrane.
4) amount of diffusible compound available, as determined by the 
distribution of the compound between tissue fat and water, and the
extent of binding to tissue macromolecules and proteins (Chasseaud, 1970).
The cell membrane is a very complex dynamic structure comprising 
a bimolecular layer of phospolipid molecules in which proteins are 
irregularly embedded (for detailed description see Goldstein et a1 . ,c ]
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The processes by which a compound may cross a cell membrane have 
been listed in Table'1*4/
Most foreign compounds enter the cell by passive diffusion
down a concentration gradient. This process is defined according
to Fick’s Law (Shanker, 1962), i.e. Rate of diffusion c< K  (C^ — C9).
and CQ refer to the extracellular and intracellular free
concentration of the compound respectively. CU must be greater
than Cg for passive diffusion to occur. K is the diffusion constant
which is dependent upon the area and thickness of membrane together
with the physicochemical state of the compound. No energy is expended
in this process. Highly lipid compounds of any molecular weight can
diffuse easily across the phospholipid bilayers and this step in their
metabolism is generally not considered to be rate-;limiting. In some
cases such compounds may accumulate within the bilayers and thereby
alter the functional properties of the membrane producing toxicity.
Dehnen (1975) has reported that benzo(a)pyrene incorporation into
alveolar macrophages does not reach a maximal rate until 90 ~ 120
minutes incubation. Th?‘ s may be caused in part by changes induced in
the fluidity of the membranes. The rate of penetration of a series of
related compounds can often be directly correlated with their degree
of lipophilicity. Weakly lipophilic compounds are taken up more slowly
and this may significantly influence their rate of metabolism. The
direction of metabolism may be affected by the concentration of drug
compound within the cell. Easily absorbed compounds, therefore, which
reach a high concentration in the cell may become substrates for a wider
range of enzymic reactions. Hansch (1972) has measured the degree
of biological response produced by a series of congeneric compounds
(by measuring the duration of anaesthesia or extent of metabolism etc.)
and the physicochemical characteristics of these compounds, principally 
lipophilicity (log p) but also their various steric and electronic
parameters (Hansch et a I, I965). This approach has enabled him to 
devise models and equations through which the biological effect of 
a compound may often be predicted from its physicochemical nature. 
Although not widely applicable, the Hansch analysis has produced many 
interesting correlations from drug metabolism studies (Hansch, 1972).
In a similar manner, the lipophilicity of a compound will determine its 
ability to interact with those enzyme systems located within lipid-rich 
subceilular membranes e.g. endoplasmic reticulum. Orrenius and co­
workers (Orrenius et ah, 1975 1 v*n Bahr et aL, 197^) have studied the 
uptake of four barbiturates into isolated rat hepatocytes and found 
that the time necessary for a type I binding spectrum to be obtained 
(i.e. binding to cyt P450) is 1 - 2  seconds, which is slower than that 
observed in homogenates and microsomes. This is not explained by the 
displacement of endogenous substrates from P450 as the cytochrome is 
mainly present in isolated cells in its non-oxidised form, but 
rather in terms of the rate of passage of barbiturates through the 
cellular and endoplasmic reticulum membranes. A  linear relationship 
has been demonstrated between the rate of uptake of these barbiturates 
and their degree of lipophilicity.
Small polar molecules are believed to cross the membrane through 
pores. These are probably not gaps in the membrane but regions of 
higher polarity associated with some of the embedded proteins (Smyth 
& Wh.ittam, 1967). For larger molecules, passive diffusion is normally 
associated with the nonionised form only. For example, the uptake 
of benzoic acid is dependent upon extracellular pH. As the pH is 
raised, the rate of uptake of benzoic acid is diminished (Smith, 1925)» 
High polarity and a low partition coefficient are a necessary condition 
in order for a compound to avoid undergoing any detectable metabolism, 
e.g. saccharin (Byard & Goldberg, 1973).
The active transport processes exhibit a certain degree of 
substrate specificity and are more involved in the passage of sugars, 
amino acids and vitamins across the membrane. However, methotrexate, 
an anti-tumour drug, is reported to be taken up into isolated 
hepatocytes by an active process requiring metabolic energy and Na 
(Horne et al., 1976)« The existence of active transport processes for 
other foreign compounds must not be overlooked, especially if they are 
structural analogues of endogenous materials in intermediary metabolism. 
Larger molecules e.g. proteins, may be engulfed by the cell, by pinocytosis. 
It is thought that the plasma protein bound fractions of certain drugs 
may be transported into cells in this manner (Bridges & Wilson, 1976). 
Bromosulphophthalein a large organic anion, is reported to be taken up 
by hepatocytes in a complex with serum albumin (Baker &  Bradley, 1966; 
van Bezooijen et al., 1976; Schwenk et al., 1976). Currently there is 
some speculation as to whether an active transport process is involved 
or whether subsequent binding to intracellular proteins is responsible 
for the high intracellular concentrations observed.
The reverse process, exocytosis, may be important for the elimination 
of compounds from the cells, particularly those which are tightly bound 
to macromolecules.
Within the liver, the nature of the capillary lining and hepatic cell 
membrane is more conducive to the rapid clearance of compounds from the 
blood. The capillaries (sinusoids) are wider than those elsewhere in 
the body, and do not have a continuous endothelial wall (Chaffee & 
Griesheimer, 1974). The lipid-protein membrane of the hepatocyte 
contains pores sufficiently large for lipid-insoluble molecules that 
would be barred from other cells, e.g. mannitol (Shanker &  HogbeiL, 1961-)^  
across. The hepatocyte cell membrane is discussed further in a review 
by Evans, (l977).
1*3.2.5. Binding to Macromoiecules & Cellular Constituents.
. It would be a gross over simplification to assume that all foreign 
compounds taken up by the cell are immediately processed by the 
detoxicating enzyme systems and the products rapidly eliminated from 
the cell. Significant amounts of a compound or one of its metabolites 
may become bound reversibly or irreversibly to cellular constituents 
with potentially toxic consequences. Certain drugs may form an 
antigenic complex through binding to proteins and thus initiate an 
allergic response (Goldstein et. ah. 1.974 *eh.7;),whereas highly lipophilic 
compounds such as DDT become localised within the body adipose tissue 
(Laws et al., 1967). Non-covalent, hydrophobic interactions can also 
occur between lipophilic compounds and biological membranes. The 
cytoplasm of certain cell types, notably liver, skin and lung, contains 
a number of small binding proteins, which are probably involved in the 
intracellular and secretory transport processes. One such protein, 
ligandin, comprises 4 ,5fo of rat liver soluble protein (Smith et a I., 1977)» 
It has been ascribed several functions including glutathione-transferase 
activity (Habig et al., 1974) and a transport-role in the metabolism 
of bilirubin, steroids and many other compounds (Tipping et al., 1976).
The compounds that bind most avidly to cellular macromoiecules are 
generally highly reactive electrophilic intermediates which may be 
generated as a result of the body's attempts to detoxicate the parent 
compounds. Thus many carcinogens are inactive per se but are converted 
into electrophilic entities by the mixed function oxidases and then 
initiate cancerous changes within the cells, (Fig. 1.5)* Such compounds 
include certain polycyclic hydrocarbons, aromatic amines, nitrosamines, 
azo dye compounds and alkylating agents (Miller, 1970).
Studies in rat and mouse have shown that many of the electrophilic
Fig. -1.5*
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intermediates are "mopped up" by the soluble proteins and peptides 
and thereby restricted in their action with tissue nucleophiles 
(Smith et al., 1977). Several specific proteins have been characterised 
a "principal azodye binding protein" (Sorof et al., 1974) "slow hf)-5S 
protein" (Ketter, 1972), h-protein (Sarrif et a 1.,■ 1975) aud ligandin, 
which play a detoxication role. Binding is thought to involve cysteine 
moieties in these proteins (Grover, 1976). Liga ndinand other 
transferases may also catalyse the conjugation of certain intermediates 
with glutathione as described in section 1,3.2.3.
Binding has been shown to occur to other cellular proteins, e.g. 
enzymes (Dixon & Webb, 1964), ENA (Magee and Barnes, 1967; Boyland 
& Williams, 1969) and DNA (Brookes &  Lawley, 1964; Brookes, 1966). 
Although the mechanism of carcinogenesis is not fully understood, it 
is currently believed that the irreversible binding of electrophilic 
intermediates to DNA is a critical factor for manj' compounds in the 
carcinogenic process (Farber, 1963; Miller & Miller, 1966).
1.4.1. Experimental Models Used in Metabolic Studies
Studies on foreign compound metabolism have been performed on a 
wide variety of experimental models, each of which has its advantages 
and disadvantages. The model adopted depends to a large extent on the 
aims and objectives of the study and thus the level of cellular 
organisation required.
Studies in whole animals yield information concerning the overall 
fate of a particular compound in the body in terms of its absorption, 
duration in the body, tissue distribution, degree and nature of 
metabolism and route of elimination and also the principal organs in
which a pharmacological or toxicological response is evoked. The 
interpretation of these results however is often very difficult, 
not only because of the vast and complex number of parameters 
contributing to any observation but also because of a number of 
inherent disadvantages in this experimental approach. It is not 
normally possible to exercise stringent control over both the 
concentration and period of exposure of a compound in a particular 
tissue. Though the compound may be taken up by a tissue through 
intracellular binding or a transport process, this does not necessarily 
implicate the tissue as a metabolic site. Only the most stable 
metabolites will be found in the urine and some may have been altered 
by the urinary pH. Minor metabolites may be missed and the reactive 
intermediates responsible for many toxicological or carcinogenic 
responses (Dybing & Mitchell, 1977) in the tissues in which they 
are generated, are unlikely to reach the urine. Observations are 
further complicated by the many unpredictable factors in the system, 
e.g. variable hormonal effects, stress, environmental contaminants etc. 
Extrapolation from such experiments to man becomes very difficult, 
particularly when any information on key metabolites is not picked up.
There are many in vitro models and generally these facilitate a 
more detailed understanding of the biotransformation processes 
(Gillette, 1971^)* However, it is important that all findings are 
related to observations in the intact animal, as both qualitative and 
quantitative metabolic changes may have been introduced by the 
preparation of an in vitro model.
Perfused organs, either isolated from the body or better, perfused 
in situ, have been used to evaluate specific organ involvement in foreign 
compound metabolism (Evans, et al., 19&3). In particular, the isolated
perfused liver has been used for metabolic studies (Brewster et al., 1977 
Boobis & Pavis, 1975* Bock, 1974). Juchau (1965) investigated the 
induction of AHH activity by benzo(a)pyrene in perfused rat liver and 
demonstrated maximal induction after 6.5b perfusion with benzo(a) 
pyrene. The rates and direction of metabolism for a compound can be 
studied in the perfused liver, and also the biliary and perfusate 
clearance rates determined for the metabolites. However, the degree 
of reproducibility between preparations is often not very good as a 
great deal of technical skill is required to routinely establish good 
preparations. The setting up of adequate controls and assessing the 
viability of the preparation may also produce difficulties and the 
functional life of the preparation is comparatively short (6—  8 hrs) 
(Bartosek et aL, 1973)
Organ slices have also been used for foreign compound metabolic 
studies (Dutton^1959) but these require an even greater degree of 
technical skill. Slices must be very thin to permit adequate gaseous 
exchange. Uneven slices will cause abnormalities in the rate of 
diffusion of substrates. The innermost cells of the slice will receive 
a lower concentration of both substrate and nutrients and oxygen.
Damaged cells,where cofactors have leaked or inhibitors are released 
on the cut surfaces of the slice^may distort the metabolic profile and 
interfere in rate determinations. Some interesting studies have been 
carried out, however, for example, by McLean and Nuttall (1976) on the 
toxic effect of paracetamol on rat liver slices and the prevention of 
damage by subsequent administration of antioxidants.
The most commonly used preparations are those in which the cellular 
organisation has been disrupted, i.e. tissue homogenates, isolated 
subeellular fractions or solubilised enzyme preparations. The conditions
in these preparations are now far removed from the true in vivo 
environment hut much information has been gained on the nature of 
drug metabolism reactions, substrate specificities, enzyme mechanisms 
and the effects of inhibitors, activators and inducers. Inevitably 
some degree of damage to cellular components^caused by the 
homogenisation procedure .-or through the release of lysosomal hydrolytic 
enzymes, e.g. pyrophosphatases hydrolyse many cofactors (NADPH, UDPGA), 
ATP / ases attack active sulphate intermediates (PAPS, APS), other 
enzymes attack lipid components of membranes. Subcellular fractions 
are generally highly heterologous. Cofactors are reduced or lost and 
for the purpose of experiment, must be replenished externally.
Frequently, grossly .'elevated-amounts^ compared to the in vivo 
situation?are used. Endogenous inhibitors, e.g. acetylase inhibitor 
in dog liver (Liebmann' & AnaclerioJ196l) or activators, e.g. 
activators of glucuronyl transferase (Dutton & Burchell, 1977)^niay 
be released through loss of subcellular compartments. Where the 
metabolism of a compound involves the co-operation of more than one 
cellular organelle, such preparations cannot give valid results. For 
example, benzoic acid is conjugated with glucuronic acid in the 
endoplasmic reticulum and with glycine in the mitochondria (Bray 
et aL, 1946). The total metabolism of imipramine involves mito­
chondrial & cytoplasmic enzymes and endoplasmic reticulum mono-oxygenase (s) 
(Bickel, 1971). The absence of phase 2 conjugation ability 
in the conventional microsomal preparation fortified with NADPH., of tea 
results in extensive further oxidative metabolism of initial phase 1 
products with the consequent generation of highly reactive intermediates 
whose formation may not be relevant to the in vivo situation. Substrates 
are generally used at levels normally toxic to the intact cells 
(Weibkin et aL, 1976) which may dramatically alter the enzyme kinetic 
situation. Cellular control processes have been lost, e.g. transport 
processes, membrane permeability.
Solubilised enzyme preparations have been used in mechanistic 
studies (Lu et al., 1974; Lu, 19?6) but the physiological environment 
has been lost and the interrelationship of some of the components may 
be incorrect.
1.4.2. Foreign Compound Metabolism in Whole Cell -Systems: Advantages
arid Disadvantages
In recent years, improved methods have been developed for the 
isolation of intact, viable cells from various mammalian tissues 
(Seglen, 1976a). Concurrently, techniques have been developed for 
the study of foreign compound metabolism in these whole-cell 
preparations. The many particular advantages of. metabolic studies in 
whole cells has led to a widespread appreciation of their value as a 
"bridging gap" between the various in vitro systems and the intact 
animal. This is clearly demonstrated by the increasing number of 
reports in the literature of metabolic studies, employing whole cell 
preparations. Two excellent reviews of this experimental system 
have recently been published (Fry & Bridges, 1977^ Orrenius et al.,
1977).
Cells can be prepared from various sources and may be used either 
directly as fresh suspensions or^for a longer time period^ as a 
primarj7 culture (suspension or monolayer). The cells may be induced 
to divide and thus can be subcultured to form an established cell- 
line. Cells isolated from tumours, foetal or regenerating tissues 
are more amenable to forming cell-lines as the cells are already 
undergoing regular division. These latter cell types have less value, 
however, in studies of foreign compound metabolism. Cells capable of 
division are generally in a less differentiated state and thus the 
highly sophisticated metabolising system may be under-developed or
impaired, (Bissel, 1976) and cells maintained for long periods in 
culture have been shown to lose some of their more specific cell 
functions (Eagle, 1965). In particular, Owens & Nebert (1975) have 
demonstrated a loss of cyt P450-associated metabolism in cultured 
rat liver cells and those cells derived from foetal livers are 
generally lacking in these functions anyway. UDP-glucuronyl transfer­
ase activity is also low in foetal tissues (Button, 1966). Selkirk 
et a 1.(197^) observed that the position of attack on the benzo(a)
■pyrene molecule by cellular mono-oxygenases in embryonic rodent cells 
differs from that-'in the adult species. Thus, great care is needed 
when extrapolating the findings from various cell types. Much 
valuable information has been gained from studies in foetal cells^ 
however, on the mechanisms of enzyme induction (Nebert & Gielen, 1972; 
Pelkonen, 1976) and various aspects of cellular toxicity (Gelboin
et al., 1969).
Cell preparations from mature mammalian tissues engaged in 
foreign compound metabolism are particularly valuable. Cell suspensions 
can now be prepared from a variety of tissues which will be described 
in Chapter 2. Some of the advantages of metabolic studies in freshly 
isolated cell preparations are discussed below with reference to 
current examples in the literature.
Several different compounds or physiological parameters can be 
monitored simultaneously using cells derived from the same liver,
(von Bahr et aL, 1974; Yih & Rossum, 1977)y whereas in the isolated, 
perfused liver, only one parameter can be variedper liver. Generally, 
the cell preparations are simple to handle and economic but the use 
of sterile techniques for cultured cells,requires more experience and 
more specialised equipment. A  much greater degree of control can be
exercised both over the concentration of substrate exposed to 
the cells and the period of exposure. In organ slices, the 
innermost cells are exposed to a lower concentration of compound.
Yih & Rossun, (1977) have measured the rates of metabolism of a 
series of barbiturates in isolated hepatocytes and perfused livers.
The rates were higher in the isolated hepatoc3,tes^possibly because 
the internal structure of the intact liver and arrangement of 
cells affects the number of hepatocytes actively engaged in 
metabolism. Variations in the degree of involvement of hepatocytes 
from different regions of the liver has also been suggested by other 
workers. Gooding & Chayen (private communication) have observed 
varying levels of cyt P450 and NADPH-cy t P4 50 reductase activity 
in cells from different areas of the liver lobules.
In vivo observations are often confused by variable hormone 
levels, effects of dietary constituents etc., whereas the chemical 
environment of isolated cells can be accurately controlled. However, 
cell suspensions or cultures offer an excellent system for the 
investigation of these effects?as hormones etc. may be included 
in the cell medium in predetermined amounts. Leffert et al .(l977) 
investigated the h&jrmonal control of cell proliferation in primary 
adult liver cell cultures. Generally, cell suspensions can be 
maintained in a viable condition for longer periods than subcellular 
preparations. The results from incubation periods greater than 
6 hours are questionable however. Cells in culture, of course, can 
be used for longer periods thus, for example, ) the full induction 
effects of added compounds can be monitored. Selection of appropriate 
criteria for the determination of cell viability is very important 
and the various criteria used will be discussed in the next chapter.
Isolated liver cells possess the full complement of drug metabolising
enzymes, i.e. the enzymes for both phase 1 and phase 2 reactions 
are present in their normal regulated state. Cofactors are present 
at the physiological levels, as generated by the normal endogenous 
processes.
Since the cell membrane and internal structure of the cell are 
preserved, regulatory factors such as the uptake of substrate and 
excretion of metabolites, intracellular binding and distribution of 
substrate between the subcellular compartments, can be investigated.
Thus the metabolism of aniline by isolated rat hepatocytes (Kao et al., 
in press) involves both the action of microsomal mixed function oxidase 
and a soluble acetylase enzyme. The metabolism of imipramine involves 
both the microsomal and mitochondrial compartments (Bickel, 1971).
The availability of cofactors for metabolismpmay be studied in 
the intact cell. In subcellular studies, it is generally assumed 
that cofactors are readily available for metabolism and that substrates 
have a rapid, easy passage to the mixed function oxidase^but these may 
be influenced by competing endogenous processes or transport limitations. 
The generation of NADPH for microsomal metabolism was studied by Junge 
& Brand;(1975). The cofactor was generated within the cell by the 
pentose phosphate shunt. Using isolated hepatocytes from normal or 
phenobarbitone-treated ra'ts, the capacity of this pathway was sufficient 
to provide higher levels of NADPH than are required for maximal activity 
of the mixed function oxidase. This has also been confirmed by 
Moldeus et al.(l974) who studied the mixed function oxidase activity 
with respect to alprenolol metabolism. Moreover, when the hepatocytes 
were isolated from starved rats, the NADPH/NADP+ ratio was still high 
enough to support metabolism at an optimal rate. As these cells would 
be extensively depleted of glycogen, this implies that during starvation
most of the reducing equivalents are generated via mitochondrial 
oxidations (malic enzyme shunt) and not the pentose phosphate shunt.
This hypothesis has also been put forward by Thurman & Scholz (19&9). 
Studies in which the mitochondrial oxidations were inhibited by 
roienone or Antimycin A, (Moldeus et ah, 1974) with a resulting 
inhibition of alprenolol metabolism provide further evidence. Thus 
isolated hepatocytes enable the intracellular regulation of the 
mixed function oxidase activity to be investigated.
The major part of cyt P450 in isolated hepatocytes is present in 
the oxidised, non-substrate bound form (Moldeus et al, 1973» 1974; 
Sweatman, 1977}unpublished) and thus can readily bind foreign 
compounds entering the cell. There appears to be little competition 
from endogenous substrates for the cyt P450 binding sites, although 
some competition with fatty acids and steroids may occur (Orrenius &  
Thor, I969). It is probable that different species of the heterogenous 
cytochrome are involved in endogenous metabolism and in foreign compound 
metabolism.
Cyt P450 is suggested to contain high affinity non-catalytie 
binding sites (Orrenius et al., 1977) which are able to reduce the 
intracellular concentration of free compounds through binding, thereby 
exerting a protective effect. Some compounds (alpreno]o_l and propanol) 
bind extensively to cyt P450 in isolated hepatocytes and yet the rate 
of metabolism is very slow (Grundin, 1975)<> These compounds can 
depress mitochondrial respiration but this was not observed in intact 
cells as the effective concentration of free compound had been reduced 
through intracellular binding. Although P450 was suggested as the 
major binding site, other microsomal or subcellular components may have 
also contributed.
The slower rate of metabolism observed in intact cells 
compared to subcellular fractions for some compounds could be 
caused by various factors which control the cellular uptake and 
transport of the compound to the reaction site. The development of 
rapid reaction techniques for studying isolated cell systems (e.g. 
direct measurement of spectral changes in the cyt P450 complex as 
a result of substrate binding, (Moldeus et aL, 1975; Rappay> et al.,1976) 
has enabled the effect of these factors to be investigated. Von Bahr (1974)
has studied the uptake of four barbiturates and found there to be a
linear relationship between the rate of uptake and lipid solubility 
of these compounds, suggesting that the rate of metabolism is influenced 
by the passage of compounds across the lipid membranes. They concluded 
that the uptake of lipophilic compounds is a non-energy requiring 
diffusion process, but Horne et a l » (1976) has proposed an active 
process for the uptake of methotrexate by isolated cells and this may
also be true of other foreign compounds particularly if they are
structural analogues of endogenous compounds.
The presence of endogenous inhibitors or..activators could affect 
the rates of metabolism. The absence of acetylase activity in dog 
liver reticule-endolethial cells (Sovier, 1965) is caused by the 
presence of an inhibitor rather than the absence of an appropriate 
enzyme. The possible activation of TJDP-glucurcnyltransferase has also 
been studied in isolated cells (Bock et al., 1976). The maximal levels 
of glucuronidation obtained in fortified microsomal preparations was 
much less than observed in the intact hepatocytes. Addition of UDP—N- 
acetylglueosamine raised the microsomal level to that of the cells.
This compound occurs endogenously and is suggested to act either as an 
allosteric activator of UDP-glucuronyltransferase in vivo or to 
facilitate the uptake of UDP-glucuronic acid into the endoplasmic 
reticulum. A lower Km ior ethylmorphine-N-demethylation (Erickson & Holfzman
I976).
and acetylmethadol-N-demethylation (Billings & McMahon, 1977) was 
observed in isolated.hepatocytes than 9,000g supernatant fraction 7 
which could he explained in several ways: l) the presence of an
endogenous activator in the hepatocytes, 2) the presence of an 
endogenous 'inhih.itor in the 9>000g fraction, 3) greater amounts of 
binding proteins competing for the drug, 4) an active uptake of 
the substrate t-into the cells leading to higher intracellular 
concentrations or 5) more efficient enzyme-substrate binding in the 
cells where the true physiological environment of the enzyme is 
preserved. The. Km values from cells correspond well to the perfused 
liver values.
A wider range of metabolites is generally produced compared with 
subcellular fractions as all the enzyme systems in the cells are 
functional, hence sensitive detection systems are required. Radiometric 
fluorimetric and high pressure liquid chromatographic methods with 
a high degree of sensitivity are generally employed in the identification 
of metabolites from hepatocytes. One disadvantage of the microsomal 
preparation is that, in the absence of conjugating systems, recycling 
of the phase 1 metabolites may occur giving rise to extra metabolites 
not formed in vivo. When these metabolites are s h o w  to possess 
biological activity, the results can be very misleading. Bock et al. 
(197b) compared the metabolism of naphthalene in isolated hepatocytes 
and microsomes fortified with UDPGA and NADPHo Naphthalene dihydrodiol 
glucuronide was the major metabolite in hepatocytes but in microsomes 
the free dihydrodiol was major unless UDP-N-acetylglucosamine was 
added to activate conjugation with glucuronic acid. (High concent­
rations of dihydrodiol tend to convert to quinonej which is thought to 
cause cataract formation). Thus, in the microsomal system, the 
inefficient phase 2 system led to erroneous results. Bock also
observed that the concentration of microsomal membranes could alter 
<?
the proportin of metabolites. Thus in the microsomal incubations, 
the non-enzymic formation of naphthol from maphthalene 1,2-oxide 
decreased as the concentration of microsomal membranes was increased.
In the intact cell whore this concentration is very high, the 
formation of naphthol is very low.
In 9j0u0g fraction^barbiturates are metabolised to their 
hydroxy derivatives whereas in isolated hepatocytes,■further 
oxidation occursjpossibly by the soluble dehydrogenases^ giving 
rise to both hydroxy and ke to derivatives. The metabolism in isolated 
cells mirrors that observed in the intact animal but that in 9>000g 
does not (Yih & van possum, 1977).
Isolated cell systems are proving to be very valuable in 
elucidating some of the physiological consequences of foreign compound 
metabolism. There are m a ^  compounds (PAHs, paracetomol, CCl^) that 
are metabolised to toxic intermediates within the cell. Where the 
toxicity is manifested in the metabolising cell it may be possible 
to identify the active intermediates through metabolic and inhibitor
iy
studies and to assess the effects on endogenous metabolism and 
cellular control. Weddle et al.(l976) have investigated damage caused 
by lipid peroxidation (assessed in terms of malondialdehyde formation) 
in isolated hepatocytes by carbon tetrachloride.
The sensitivity of various cell types to benzo(a)pyrene cytotoxicity 
has been measured in terms of inhibition of growth (Lubet et aL, 1973? 
Gelboin et al„ 1969). In this case, the active agent is thought to be 
3-mono hydroxyb'enzo (a )pyrene; Gelboin et al. (1969) have found that cells 
with a high level of AHH activity are particularly susceptible to
cytotoxity from benzo(a)pyrene.
The toxic metabolites of cyclophosphamide which are generated 
in the liver, produce their deleterious effects in other cell types.
Fry Sc Bridges, (1977a )have developed a novel mixed cell system 
comprising hepatocytes as the metabolising cells and fibroblasts 
as the target cells, in order to assess the toxicity of cyclophos­
phamide. The use of tissue culture in toxicity testing was reviewed 
.recently by J.A. Styles (1977).
Isolated cells are potentially useful in elucidating species 
and tissue variations in foreign compound metabolism. One of the
jg isolated cells from a highly 
larticular cell type may have been 
edominant in culture. Identification
I .
jery difficult. Liver is a relatively 
tudies are a little simpler, 
isolated from the liver by pronase 
conditions under which the Kupffer 
Iveral studies have now been carried 
; of parenchymal and non-parenchymal
I • ' .
; BSP (Stege et a l . 1975), distribution 
ixiaase (van Berkel & Khijt, 1971) 
i  (van Berkel et al., 1975) V / 
td membranes (Blouin et aL, 1977) 
iits inducibility (Canfcrell &
eing developed to facilitate better 
measurement of direct changes within single cells and thereby to 
enable the study of the contribution of different cell types, e.g.
enzyme histochemistry coupled with scanning microdensitoraetry 
(Chaven & Bitensky): cellular autoradiography (Perdue, 1977);
analysis of charges in cell surface and DNA content using 
fluorescent probes (Hawkes & Bartholomew, 1977; and measurement of 
fluorescent PAHs and other compounds (Kouri et al., 1972; Salmon 
et al., 1974 a, b, d) at the single cell level.
CHAPTER 2
CHAPTER 2
THE ISOLATION OF ADULT MAMMALIAN HEPATOCYTES AND SOME STUDIES 'ON THE 
BIOCHEMICAL CHARACTERISTICS OF HEPATOCYTE SUSPENSIQNffAND CULTURES.
2.1. INTRODUCTION
2.1.1. Brief description of the anatomy and histology of the liver
The liver is the largest organ present in mammals and is known to 
possess over 100 important biological functions. The liver consists of 
h — 6 lobes, according to the species, and is covered by visceral 
peritoneum. Beneath the peritoneum is a covering of fibro-elastic 
connective tissue called Glisson’s capsule. This also forms a 
protective sheath around the blood and lymphatic vessels and the bile 
ducts, leading into the interior of the liver. Connective tissue extends 
throughout each liver lobe in a dense network providing internal support 
for the liver cells. 90^ of blood entering the liver is via the portal 
vein. This carries blood from the viscera of the digestive tract. The 
hepatic artery supplies the remaining lOfo. This is a branch of the dorsal 
aorta, carrying oxygenated blood and nutrients for the liver cells and 
connective tissue cells. After passing through the liver cells, the 
blood flows into hepatic veins and thence to the inferior vena cava.
The unit of liver substance is called the lobule. The lobules are 
polygonal in shape with 5 - 7  sides and are separated by a small amount 
of intralobular connective tissue in which the terminal branches of the 
portal vein and hepatic artery and the beginnings of the bile ducts and 
lymphatic vessels are found. Each lobule consists of cords of hepatocytes 
(liver cells) which radiate irregularly from the centre of the lobule 
towards its periphery. Between these cords lie the sinusoids receiving 
blood from the hepatic artery and portal vein (Fig. 2.1).
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Table 2.1*
The Cell Types of Mammalian Liver 
(from Fry, 1974)
Tissue ; Cell Classes Site
Parenchyma Hepatocytes Intralobular
Reticule-Endothelial ; Littoral (Kupffer 
indifferentiated 
cells)i *
cells and 
lining
Intralobular
Bile Duct 1 Bile Duct Epitheli urn Interlobular
Connective Tissue Fibroblasts
.... . ■•■■■■
Macrophages
Interlobular
Blood Erythrocytes 
Leucocytes 
Lymphocytes 
Monocytes 
Plasma Cells
Inter— and Intra­
lobular
Blood Vessel Fibroblasts Inter— and Intra­
Walls • Pavement Epithelium lobular
Table 2.2.
Distribution of Cell Types in Mammalian Liver 
(from Daoust, 1958; Gates et aL, 196l)
Cell Type Rats (%) Man (%)
Parenchymal 60.6 84.2
Littoral 33.4 14.7
Bile Duct 2.0 0.6
Connective Tissue 2.2 0.2
Blood Vessel Walls I*8 0.3
The sinusoids are lined by 2 cell types: the phagocytic cells
(von Kupffers) of the reticulo-eiidothelial system and undifferentiated 
lining cells. The sinusoids are -wider than true capillaries and' the lining 
cells ore irregularly spaced leaving openings in the walls. The 
openings are too small for the passage of red blood cells but allow 
plasma to come into direct contact with the hepatocytes. Blood passes 
through the sinusoids into the central vein which ruus along the axis 
of the lobule and then drains into the hepatic vein*
The cell membrane between adjacent rows of hepatocytes is condensed 
to form a cleft (canaliculus).. As bile is produced by5' the cells, it passes 
into the canaliculi and flows out to the periphery of the lobule where 
it drains into the interlobular bile ducts. The properties of the 
hepatocyte membrane has been excellently reviewed by Evans (l97^«
Hepatocytes (Parenchymal cells) are polygonal-shaped cells with at 
least 6 sides. The cells are largely mononucleate but the proportion of 
binueleate cells increases with age. An adult liver contains approximately 
30^ binucleate cells (Wheatley, 1972), these begin to appear shortly after 
weaning.
One or more nucleoli are present in the nucleus and often several 
chromatic dots. Mitochondria, Golgi apparatus, endoplasmic reticulum and 
vacuoles are present within the cells. Glycogen deposits and fat 
inclusions may also be found in the cytoplasm, depending upon the 
functional state of the cell.
The liver is a generally homogeneous tissue. All hepatocytes possess 
the same functional properties but their relative activity in any particular
function appears to depend upon their position within the lobule 
(Novikoff, 1959). However, the contribution of non-parenchyraal cells 
particularly in metabolic studies must not be overlooked. Rat liver 
contains kOfo non-parenehymal cells and human liver contains l6 f0.
The various cell types found in liver and their relative proportions 
are given in Tables 2.1 and 2.2.
HeDatic Connective Tissue
-■■■■■ t ..........................   „......... .............
The liver is encapsuled in a supportive layer of connective 
tissue called Glisson’s capsule. This connective tissue continues 
into the interior of the liver as a dense sheath surrounding the hepatic 
artery, portal vein and bile duct, and is also continuous with the fine 
netwoi’k of intralobular reticular fibres which surround the sinusoids 
and support the liver parenchyma. Connective tissue has two phases, 
the cellular and extracellular. Fibroblasts are the predominant cell 
type but macrophages, lymphdH cells, eosin.ophils, mast cells and plasma 
cells are also present. The extracellular phase comprises collagen 
fibres^secreted by the fibroblasts^and mucopolysaccharides. The amount 
of collagen fibre in the liver increases with the age of the mammal 
(Deyl et a 1., 1971; Rubin& Hetter, 1967) although most of this remains 
extralobular. Therefore, it is theoretically easier to isolate hepato­
cytes from foetal or young animals than from adult animals with a higher 
content of connective tissue.
As the bulk of the connective tissue is collagenous and the ground 
substance of the mucopolysaccharides are predominantly chondroitin 
sulphates A and C, it should be possible to isolate the hepatocyte cells 
using an enzymic system capable of digesting the collagen/chondroitAn 
sulphate support matrix. Such a system was suggested by Howard and
Pesch (1968) involving the enzymes collagenase and hyaluronidase.
Collagenase prepared from Clostridium histolyticum sequestially removes fragiimt 
from the terminal carboxy end of the collagen fibres (Seglen, 1976a ;
Evanson, 1971)* Testicular hyaluronidase has no action on collagen 
but is effective against hyaluronic acid and chondroitinsulphates 
A & Co
:-2.1*2. Techniques for the Preparation of H epatocytes
Many methods have been developed for the isolation of intact 
hepatocytes from mammalian liver. In recent years, these methods have 
been greatly improved to facilitate the isolation of higher yields of 
metabolically-competent cells which has led to their increased use in 
biochemical studies. Whether the cells are isolated for immediate use 
or established in culture for longer-term use, the initial isolation 
procedures employed are identical. These methods can be generally 
classified into two categories namely nonenzymic and enzymic methods.
The earlier: methods for cell isolation employed mechanical or chemical 
procedures (nonenzymic) to disperse the cells but these have been 
largely superceded by the use of various digestive enzymes. In fact, 
most methods in current use employ all three approaches to some degree.
The objective of any method used, is to produce as many intact^viable 
cells as possible. The efficiency of the method can be assessed by 
consideration of both the quality of the isolated cells (i.e. the 
percentage of intact cells present, often termed the viability index) 
and the total yield of cells (relative to the initial amount of tissue), 
(Seglen, 1976a). Several criteria of cellular viability have been proposed, 
the most common being the trypan blue exclusion test (Paul, 1972). These 
are discussed more fully later but it is pertinent to mention here that 
many of the procedures for the preparation of intact cells are not
satisfactory as they were validated using faulty viability criteria, 
(Gallai-Hatchard & Gray, 1971; Muller et al., 1972).
Nonenzymic Procedures
In order to release single cells from the liver the intercellular 
matrix must first be disrupted and the various points of attachment 
between adjacent cells, i.e. tight and gap junctions and desmosomes, 
must be separated, (Amsterdam & Jamieson, 1974; Berry, 1975). The 
earlier mechanical procedures were very harsh and consequently all the 
cells isolated were damaged and therefore nonviable. The procedures 
employed included homogenisation (palade & Claude, 1949j Harrison, 1953)» 
passage through a tissue press containing screens of stainless steel, 
silk or cheesecloth (Kaltenbaeh, 1952; Le Page, 1953> Ontko, 1967; 
Schneider &  Potter, 1943)., shaking liver slices with glass beads 
(Bucher et al., 1951) or repeated drawing.;through a pipette (Longmuir 
and ap Rees, 1956). Later it was considered better to pretreat the 
liver with chemical agents to partially disrupt the intercellular matrix 
before applying more gentle mechanical methods to complete the cell 
isolation. The agents used were principally metal-ion chelators as 
calcium ions were known to he important in cellular adhesion (Moscona
et al., 1965; Gingell et al., 1970) and th erefore the prior removal of
2 4* . . / v
Ca was thought to facilitate cell dispersion. Anderson (1953) perfused
a solution of sodium citrate through the liver in situ, prior to gentle
homogenisation in a Potter-Evejhem homogenisor. The method was developed
further by Jacob & Bhargava (1962).
EDTA was used in the perfusing medium by Coman (1954) and by 
Leeson and Kalant (1961). Although high cell yields were reported for 
these perfusion-mechanical procedures, the homogenisation invariably
produced uniform cellular damage with a consequent loss of cellular 
functions (Muller et al., 1972; Suzanger & Dickson, 1970; Schreiber 
& Schreiber, 1973).
2+
More recently, Seglen has shown that removal of Ca does improve
the efficiency of cell isolation by a subsequent enzymic digestion,
2+
The chelator, EGTA, or merely a thorough preperfusion in Ca free
2+
buffer is recommended (Seglen, 1973). It is suggested that a Ca - 
dependent adhesion factor is removed by this treatment (Amsterdam & 
Jamieson, 197^).
Tetraphenylboron, a potassium ion-chelator has been reported to 
aid dispersion of liver cells (Rappaport & Howze, 1966; Casanello & 
Gerschensop.,1970) but the integrity of the cells produced has been 
questioned by many workers (Gallai-Hatchard;& Gray, 1971j Lipson 
et al., 1972; Muller et al., 1972; Murthy & petering, 1969; Seglen 1973). 
Polyvinylpyrrdlidine (Branister & Morton, 1957; Dajani and Orten, 1959) 
and hypertonic hyperosmolar salt solution (McLimans, 1969) have also been 
used.) but again the cells produced v/ere nonviable (Table 2.3).
Enzymic Procedures
Various enzymes have been used to dissolve the intercellular matrix 
including trypsin, (St. Aubin and Bucher, 1952; Easty &  Mutolo, i960; 
Schapira et al., 1971; Plas et al., 1973), papain, pepsin, neuraminidase 
(Schniber & Schitiber, 1973) lysozyme (Hommes et al., 1970, 197l) 
elastase (Phillips, 1972) and an enzyme mixture called viokase (Gielen 
and Nebert, 1971). The use of these proteolytic enzymes was not very 
successful,however^as they digested or damaged the plasma membrane of 
the hepatocytes as well as dissolving the intercellular matrix,, Trypsin
Table 2.3
isolation of adult rat hepatosytes - a comparison of m ethods.
Method of Isolation Ref. Total Cell Yield 
(x 10^/g liver)
Viability
(*)
Oj.
Perfusion with Ca^‘ 
chela tor/homogenisation
Jacob and 
Bhargava(1962)
21.4 0
Alkaline hyperosmolar 
salt solution/ 
homogenisation
McLimans
(1969)
22.8 0
Incubation with
+ - 
K -chelator
Rapaport and 
Howze (1966)
11.8 0
Trypsin Williams et al.
(1973)
1 0
Collagenase/ 
Hyaluronidase with 
slicing
Howard et a 1.
(1967)
001CM
■
8 5 - 9 8
Collagenase/ 
Hyaluronidase perfusion
Berry and 
Friend (1969),
100 95 - 98
and viokase have been successfully applied to the preparation of 
foetal and neonatal liver cells and other cell t}rpes^and elastase 
is useful in the preparation of intestinal and lung cells. In these 
cases, the cell membranes are less susceptible to disruption by the 
proteolytic enzymes. Following Rodbell’s demonstration in 1962 that 
adipocytes could be isolated by digestion of fat tissue with collagenase 
and hyaluronidase enzymes, Howard et al. (19&7) successfully employed 
these enzymes in the isolation of metabolically-functional liepatocytes, 
These enzymes are more specific for the collagenous intercellular matrix 
than those used previously so that the hepatocyte plasma membranes Ivere 
left structurally intact. The method was developed further by Howard 
et al. (1968, 1973) but the basic technique remained unaltered. The 
liver is removed intact from the animal and perfused with collagenase 
and hyaluronidase in Ca^+-free Hanks buffer at 4°C. The softened tissue
is then sliced and incubated further with fresh enzymes, at 37°C, in a
2+ 2+ buffer containing Ca ions. The readdition of Ca is atnecesspry
requirement for the maximal activity of the collagenase enzyme (Seifter
and Harper, 1970) although Howard et al. (1973) have also reported that
. . 2+the cells obtained from an enzymic digest m  the presence of Ca retain
3kfo more potassium and demonstrate higher respiratory activity (which is 
not due to uncoupling) than those prepared solely in a Ca~"+-free medium. 
This method has been successfully used by several other workers 
(lloltzmann et al., 1972; Hook et al., 1973; Lentz & DiLuzio, 1971)*
The yield of cells was greatly improved by Berry and Friend (19^9) who 
introduced a method involving a continuous recirculating perfusion of 
the liver in situ at 37°C with a mixture of collagenase and hyaluronidase 
in Ca“+-free Hanks buffer (Table 2.3). These cells were also more active 
in metabolising physiological substrates than those prepared by Howard 
and coworkers. Various modifications to this technique have been 
described, all of which involve extensive ini situ or in vitro perfusion
of the liver with collagenase and hyaluronidase (ingebretson & Wagle,
1972; Capuzzi et al., 1971? Quistorff et al., 1973; Zahlten &
Stratman, 1974; Berry, 1974; Jeejeebhjfoy et a l . 1975; Wagle and 
Ingebretsen, 1975). The optimal conditions for the isolation of 
hepatocytes by an enzyme perfusion method are excellently discussed
by Seglen (l97ba). It is claimed that preperfusion with EGTA solution
2+ 2+ 
or Ca -free buffer followed by collagenase perfusion with added Ca
ions may, under ideal conditions, convert the whole liver successfully
into intact, viable cells (Seglen;1972).
This method has been applied to the isolation of hepatocytes from 
the livers of various species (Table 2.4), but there are many practical 
difficulties with this approach in several mammals. In some cases, only 
pieces of liver are available, e.g. human biopsy samples, and there is 
no adequate blood vessel available for perfusion. Where whole livers 
from large mammals are used, large amounts of enzymes are needed for a 
successful cell isolation, which is very expensive and often unnecessary 
as the number of cells released is generally far in excess of those 
required for the experimental study. The isolation of a single lobe for 
perfusion, however, is difficult and time-consuming. It is important 
that the liver is entirely fresh during the perfusion otherwise blood 
clots may form and ruin the perfusion. Lengthy handling of the liver 
prior to cell isolation will encourage cellular autolysis to occur. Small 
livers are also difficult to perfuse because the blood vessels involved 
are too narrow and fragile for the perfusion cannulue. Where species 
variations in metabolism are to be investigated, it is desirable to 
prepare the hepatocytes from each species under identical conditions 
and to conduct the subsequent metabolic experiments simultaneously. As 
much specialised apparatus is required for a perfusion, this is frequently
Table 2.4.
Species
Rat
Mouse
Pig
Guinea Pig 
Sheep
Chick
Monkey
(squirrel)
Hamster
Species from which hepatocytes have been isolated 
by perfusion with collagenase - hyaluronidase
Reference
Berry & Friend, (1969)
Seglen, (1972)
Crisp & Pogson, (1972)
■Pretlpw & Williams,(1973)
Belfrage et al., (1975)
Arinze et al., (1975) 
Clark et al., (1976)
Ash & Pogson (1977)
Badenoch-Jones & Buttery (1975)
Goodridge, (1973)
Capuzzi et al. (1975)
Smith & Jollow,(1977) 
Rognstab,(1975)
not possible. Therefore, the development of a non-perfusion method 
for the isolation of large quantities of viable hepatocytes .from 
adult rat liver by Fry (Ph.D. thesis, 197-4) seemed the most suitable 
general approach for the preparation of hepatocytes from a variety 
of species.
2.1.3. Biochemical Characteristics of Isolated Hepatocytes 
- Criteria of Viability
It is important that the isolated cell preparations are 
representative of normal hepatocytes in vivo and that no functions 
have been lost or impaired during the isolation procedure. The cells 
should retain an intact plasma membrane in which the structures 
responsible for permeability control^hormone receptor sites etc. are 
undamaged. The capacity to perform the complex processes of 
gluconeogenesis, protein synthesis, urea and albumin production and 
secretion, bile acid formation plus a host of other metabolic functions 
should also be conserved. The scope of biochemical functions that 
have been investigated in freshly isolated hepatocytes, particularly 
from the rat, is very great. Some of the more recent studies are 
summarised in Table 2.5. Several excellent reviews of the use of 
isolated hepatocytes in biochemical studies have recently been published 
(Fry &  Bridges, 1976; Seglen, 1976*; Jeejeebhoy &  Phillips, 1976;
Wagle, 1975; Lentz & DiLuzio, 1971). The morphology of isolated 
hepatocytes is described . by Jeejeebhoy & Phillips, (1976);
Drochmans et al.(l975); Schreiber & Schreiber (1973); Phillips et al. 
(1974) and Chapman et al. (1973).
Obviously, it is important that the cell preparations used for the 
study of foreign compound metabolism have retained their true morphologi
Table 2.5
Biochemical Functions Studied in isolated Rat Hepatocytes
Biochemical Function Reference
Carbohydrate Metabolism:
Effect of collagenase and hyaluronidase on 
glycogen content
Metabolism of fructose
Control of pyruvate kinase flux during 
gluconeogenesis
Effect of lysine on gluconeogenesis
Rate limiting steps in gluconeogenesis
Control by glucagon, epinephrine, insulin & 
cyclic nucleotides
Wagle & Ingebretsen,
(1974)
Rognstad et al.,(1975)* 
Rognstad (1976)
Cornell et alp, (1974)
Berry (1972)
Tolbert &  Fain .(1974) 
Wagle &  Ingebretsen,
(1973)
Wagle, (1975)
Johnson et al., (1972)
Protein Synthesis 
Albumin synthesis
Protein metabolism
Role of methionine in glutathione synthesis
Thyroxine-binding globulin synthesis
Synthesis of fibrinogen and transferrin 
hemopexin
van Bezooijen et al«,
(1976)
Weigand &  Otto, (1974)
Sehrieber &  Schrieber
(1973)
Seglen, (1976b)
Reed & Orrenius, (1977)
Glinoer (1976)
Crane &  Niller (1974) 
Jeejeebhoy et al . (1975) 
Jeejeebhoy (1976)
Biochemical Function Reference
Lipid Metabolism
Metabolism of free fatty acids 
Lipid synthesis
Control of Acetyl-CoA carboxylase activity 
Regulation of lipogenesis by cyclic nucleotides 
Lipoprotein synthesis 
Glycei'olipid synthesis
Bile Acid Metabolism
Bile acids secretion and synthesis 
Excretion of taurocholate
Urea Cycle
Effect of leucine on synthesis of urea 
glutamate and glutamine
Effect of ornithine and lactate on urea 
synthesis
Enzyme Induction & Synthesis 
Induction ofAALA-synthetase
Synthesis of Fatty Acid Synthetase & Acetyl- 
CoA carboxylase
Induction of tryptophan oxygenase
Induction of tyrosine ramino-transferase
Circadian rhythm of tyrosine aminotransferase
Ontko (1972)
Capuzzi &  Margolis (1971) 
Geelen (1974)
Capuzzi et al., (1974) 
Capuzzi &  Margolis(1971) 
Sundler et al., (1974)
Anwer 'et al.. (1975) 
Schwarz et al«, (1976)
Mendes-Mourao et al.,
(1975)
Briggs & Freedland,
(1976)
Edwards &  Elliott
(1974) &  (1975)
Burton et al., (1969) 
Lakshmanan et al. (1975)
Berg et al., (1972)
Haung &  Ebner, (1969)
Hardeland (1972)
Table 2.5. (Cont.)
General
Concanavalin-A receptor sites
Localisation & Characterisation of Synthesised 
nuclear RNA
Lipid peroxidation
■Respiratory Activities
Oxidation of Succinate
NADPH & NADH oxidase
Ro.jkind et al., (1974) 
Fakan et al., (1976)
Hojberg et al., (1975) 
Gregnolin et al., (1973) 
Mapes &  Harris (1975) 
van Berkel & Kruijt (1977
and functional integrity and therefore the viability of each cell 
preparation must be determined at the commencement of an experimental 
study. The results of studies employing different cell preparations 
can only be meaningfully compared if the cell viabilities are also 
comparable, thus some quantitated measure of cell viability must be 
determined. .
The most commonly employed test of cell viability is the ability 
of the cells to exclude high molecular weight dyes such as trypan blue, 
eosin or nigrosin (Paul, 1972; Howard et al., 1969). This is a measure 
of the plasma membrane integrity. The passage of dye across damaged 
membranes will give rise to stained cells, particularly in the nuclear 
region, which can be readily counted in a haemocytometer. Thus, the 
percentage of viable, i.e. dye-excluding cells, can be calculated. This 
is termed the viability index. Practical problems in the determination 
of viability indices have been discussed by Seglen (1976a1.). This method 
has been widely criticised,however, for its lack of sensitivity, Baur 
et al.(l975) have reported that only severely damaged cells will take 
up the dye. Cells with slight surface alterations or internal metabolic 
^damage will not be registered as nonviable in this test. However the 
test is simple and rapid to perform, it can give consistent results in 
the hands of an experienced worker and thus remains in extensive use.
It is dangerous to assess cell viability in terms of a single 
parameter only, as the type of cellular damage can be so variable - 
even within a single preparation, but detailed viability checks are not 
practically feasible. In the standardisation of a cell isolation 
procedure, however, it is important to perform extensive viability 
studies to ensure cells of good quality are obtained in general. Various 
metabolic parameters have been suggested as a measure of cellular viabili
for example, the leakage of soluble enzymes such as glutamate-pyruvate 
transaminase, glutamate-oxaloacetate transaminase, tyrosine transaminase, 
lactate dehydrogenase, etc., (Berg, 1972, Cornell & Filkins, 1974, 
Suzanger & Dickson, 1970, Hofmann et al., (1976). According to Baur 
et al, this method is also indicative of severe damage only, and the 
determination of cellular potassium levels or rate of endogenous 
respiration, is recommendedc These approaches are recommended by 
other workers too (lype & Bhargava , 1965). These latter
methods may also be criticised, however, The loss and uptake of 
potassium is a readily reversible process (Quistoiff et al., 1973?
Barnabei et al., 1974; Tolbert &  Fain, 1 9 7 4 ) and therefore not a measure 
of viability. Damaged cells and isolated mitochondria may continue to 
respire adequately (Murthy &  Petering, 1969; Howard et al., 1973;
La Breque et al., 1973). The incorporation of various radioactive 
precursors particularly amino acids such as phenylalanine and leucine 
(Bhargava &  Bhargava, 1962; Wagle, 1975) lactate and CO^ (Wagle 1975) into 
proteins and glucose is a further indication of cell viability. The 
uptake of non-metabolisable amino acids can be used as a measure of 
plasma membrane integrity and hence cell viability as demonstrated by 
Dickson (1970). The intracellular concentration of amino acids has been 
measured by Jeejeebhoy et al., (1975) together with the cellular levels 
of ATP and ENA. Intracellular cofactor levels were used also as a 
criterion of cell viability by Hofmann et al., (1976). Since no measure 
of ceil viability is totally satisfactory, there will be discrepancies 
in the viability indices determined for different cell preparations.
The lack of sensitivity of some methods becomes apparent when the length 
of viability of the cell preparations from different laboratories is 
compared. Some workers claim 3 hours as the longest functional life for 
fresh cells in suspension, but others, using different viability criteria, 
claim that viability is still good after 24 hours or even 48 hours 
(jeejeebhoy et a l ., 1975)*
It is now recognised that hepatocytes in different parts of the 
liver lobule may possess different metabolic capabilities (Chayen, 
personal communication; Wanson et a l ., 1975; Katz & Jungermann, 1976). 
Therefore it is important to isolate a high yield of viable cells in 
order to obtain a representative population of all cell types present.
Some work has already been done to separate subpopulations of hepatocytes 
by gradient and electrophoretic techniques (Drochmans et a l ., 1975;
Griffith et al.. 1975).
2.1.4. Longer term maintenance of hepatocytes in culture
Hepatocytes prepared by all three isolation methods (mechanical, 
chemical and enzymic) may be established in a suspension culture or as 
a monolayer in a tissue culture flask. However, the morphological and 
functional integrity of the cells prepared by mechanical and chemical 
methods is still questionable (Gallai—Hatchard & Jones, 1971; Dickson, 1970; 
Walker et al., 1972). The collagenase/hyaluronidase method of cell 
preparation enables large quantities of intact cells to be isolated and 
established in culture, with the apparent retention of their morphological 
and functional integrity. This, in itself, is an important criterion of 
viability.
Adult rat hepatocytes divide less often than once per year (Post et al. 
1963) and the mitotic index is approximately 0.01$ (Bucher, 1967). This 
corresponds to a level of poliferating cells of 0.28$ (Cameron et al., 1976) 
Therefore one should not expect liver cells to rapidly proliferate in 
culture. Rapidly dividing cells have been established from foetal 
(Leffert and Paul, 1972), 10-day old (Williams.et al., 1971) and adult 
(Casarello & Gerschenson, 1970; Schwartz, 1974) rat liver. Although these 
hepatocytes retain some normal liver functions, those isolated from very 
young or foetal animals only possess an immature foreign compound
metabolising system, whilst those proliferating cells from adult 
livers may have undergone some transformation on culturing or represent 
only a small, selected population of hepatocytes.
In recent years, the establishment of nongrowing cultures of adult 
hepatocytes has been achieved by several workers using either regenerated 
liver (Bissell et al.,. 1975 ; Bonney, 1974; Hirsiger et al., 1976) or 
normal liver (lype 1971; Alwen and Gallai-Hatchard, 1972; Williams &
Gunn, 1974). The cells readily attach to the tissue culture flask and 
flatten out into cells with the typical polygonal, epithelial-type 
morphology (Bissell et alc, 1973; Bonney et al„, 1974). These are 
called primary monolayer cultures. The cells form sheets in which the 
development of bile canaliculi^desmosomes and ’tight1 junctions can be 
observed between neighbouring cells (Chapman et al., 1973; Alw'en &  Lawn,
1974). The life offthe cells in culture is highly variable. Walker
(1977) has successfully maintained adult rat hepatocytes for up 
to four days in culture. After three days, however, the ability of the 
cells to synthesise glycogen was reduced and the activity of several 
enzymes involved in carbohydrate metabolism were also decreased. Changes 
in cellular morphology and increased cell loss after three days in culture 
has also been reported by Laishes & Williams (1976) but addition of 
dexamethasone to the culture medium enhanced the survival of some of the ' 
cells to 8 or 9 days. Mitochondrial swelling has also been observed after 
three days in culture by Chapman et a I .(1975)• In specifically designed 
optimal culture conditions^cells have been maintained for longer periods., 
notably for 4 to 6 days in culture by Bonney (1974), and for 10 days on 
collagen membranes by ' Michalopoulos and Pitot (1973). Other workers 
claim successful maintenance for up to two weeks (Alwen &  Gallai-Hatchard, 
1972; Neupert, 1974) but the degree of conservation of liver specific 
functions by these cells is questionable. In some cases the cells have been 
successfully subcultured and more permanent cell-lines established?
(lype, 1974; Williams & Gunn, 1974) but as discussed in Chapter 1, 
such cells will probably have suffered some metabolic impairment or 
modification.
Similar problems occur in the assessment of totally hepatocyte- 
1ike functions as described already for freshly isolated cells. Several 
workers have demonstrated various typical liver characteristics in 
cultured cells namely albumin synthesis and secretion, responsiveness 
to insulin and giueogon, gluconeogenesis from lactate and pyruvate, ATP 
levels comparable to levels in intact liver, the maintenance of microsomal 
O-demethylase and g lucose-6-phosphatase activity and urea cycle enzymes 
and "normality" with respect to their ka’iyology, morphology and growth 
pattern (Bissell et al., 1973; Iype?1971; Kletzein et al., 1976;
Lin & Snodgrass, 1975; Walker et al., 1972). The foreign compound 
metabolising system in cultured hepatocytes has not been fully investigated, 
but there are certain indications that the profile of microsomal oxidase 
enzymes undergo marked changes during the life of the hepatocytes in 
culture. In particular,the level of cyt P450 rapidly declines within the 
initial 24 hours of culture, (Nebert & Gelboin, 1968; Guzelian et al., 1977) 
This may occur as a result of the hepatocytes inability to maintain highly 
specialised functions in culture, Bissell et al., (1976) has reported that 
long established or dividing hepatocytes lose several components of the 
microsomal metabolising system.. Alternatively, the changes may result 
from the maintenance of the hepatocytes in an incompatible culture milieu. 
Reports by Guzelian et al., (1977) and Michalopoulos et a l .(1976) have 
presented evidence to suggest that this is the case.' Therefore, great care 
must be exercised both in the evaluation of the isolation procedure for 
preparation of adult hepatocytes and in the selection of optimal culture 
conditions for the subsequent maintenance of the cells, in order to conserve 
the more labile liver specific functions. There are several distinct
advantages in the use of cell cultures compared to cell suspensions.
The cells can he.allowed to recover from the trauma of isolation before 
beginning the experiment. The substantially longer life-time of cell 
cultures enables studies of enzyme induction or cytotoxicity to be 
continued until the full course of changes have occurred. The effects 
of nutrients etc. can be easily investigated and the effects of foreign 
compound metabolism in metabolising and non-metabolising cells can be 
compared (Fry & Bridges, 1977)*
2.1.5. Xenobiotic Substrates.
Biphenyl is commonly used as an agricultural fungistat. Its 
metabolism has been studied in vivo in the rat (West et a1., 1956;
Meyer & Scheline, 1976a, b) and rabbit (Raig &  Ammon 1970, 1972;
Block &  Cornish, 1959) and in vitro in a wide variety of species 
(Creaven et al.. 1965* Burke & Bridges, 197*5). Biphenyl hydroxylation 
is widely used as a model reaction for investigating mixed function 
oxidase activity in various tissues from different species (Litterst 
et al., 1975 19/6;Chhabra et al., 1974; Lake et al., 1973; Parke &  
Rahman, 1970).
In the rat and rabbit, the major urinary metabolite is 4-hydroxy— 
biphenyl and its glucuronide conjugate. Conjugation with sulphate 
occurs to a much less extent (Block &  Cornish?1969). Various minor 
metabolites are formed namely 2- and 3-hydroxybiphenyl, 2£A— , 3)4- 
and 4,4/- dihydroxybiphenyl, 3-hydroxy-4-methoxy and 3-methoxy-4- 
hydroxybiphenyl (Raig & Ammon, 1972) and biphenyl mercapturic acid 
(West et al., 1956). Together, theserainor metabolites-. do.;not account for 
more than 10$ of the total metabolic output. The major routes of 
biphenyl metabolism are shown in Fig. 2.2.
Fig. 2.2.
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The metabolism of benzo(a)pyrene is discussed in Chapter 4. 
7-Ethoxycou.marin, an 0-alkyl ether of .umbelliferone, is readily 
metabolised by the mixed function oxidase system to umbelliferone, 
a highly fluorescent product,, (tkklrich & Weber, 1972; Ullrich et al.,
1973)
NADPH + 0oI j ----   is-^
m ixed function 
oxidase.09 HO
umbelliferone 
(7-hydroxycoumarin)7-ethoxycoumarin
. P A P S
UDPGA
conjugate
Therefore, it is commonly used as a model substrate in the investigation 
of microsomal O-dealkylation reactions. \ 4-r-Methyluiibelliferone is 
metabolised directly by the phase 2 enzyme systems to glucuronide and 
sulphate conjugates in man and rabbit (Fontaine et a l ., 1968). Thus 
the activity of the UDP-glucuronyl transferase or sulphotransferase 
enzymes can be measured in terms of the disappearance of fluorescence 
associated with 4-methylumbelliferone from the incubate. Alternatively, 
unmetabolised 4-methylumbelliferone can b£r:extracted and the conjugated 
4-methylumbelliferone determined after treatment.with deconjugation 
enzymes.
2.1.6. Aims
It was intended to isolate!: viable adult hepatocytes from a 
selection of mammals, commonly used in the study of foreign compound 
metabolism, and to investigate their metabolising potential in preparation 
for studies on species variations. The ability of the cells to form 
monolayer cultures was to be investigated and some fundamental bio­
chemical functions of the cultured cells to be studied*
Details of animals used in this research project
Species Strain Sex
Rat Wistar Albino Male
Sprague Dawley Male
Gunn Male
Hamster Syrian Male
Mice CF 1 Male
BKTO (Ash) Male
C3H (brown) Male
C57 Male
BTKO (brown) Male
Ferret Albino Male
Polecat Male
Dog Beagle Female
Sheep Mixed breed Male
Pig Large white Male
Monkey Rhesus Male
Guinea Dunk in-IIart ley Male
Pig Albino
Body Weight Source
60 - 80 g University of Surrey
200 - 300 g Bantin & Kingman Ltd.,
Grimston, Hull.
100 g Hammersmith Hospital, London
60 g Coombehurst breeding
establishment, Basingstoke,' 
Hampshire.
30 g University of Surrey
30 g (
30 g ( Bantin & Kingman Ltd.,
> Grimston, Hull.
20 g (
30 11 [
0.7 - 1 Kg ( Porcellus Ltd.,
0.7 - 1 ICg ( SUSSeX
(5 - 6 mths) Pfizer Research Ltd., 
a^e Sandwich, Kent
30 - kO Kg ( FMC Ltd.,
> Woodlands Road,
( Guildford 
50 - 60 Kg (
- Huntingdon Research Centre
Huntingdon
1 Kg Animal Virus Research Inst.
Pirbright, Surrey
Species Strain Sex Body Weight Source
Human Biopsy samples Male 80 Kg ( St. Lukers Hospital,
, r~ > Guildford.
Female o0 - 65 Kg (
Rabbit Dutch Male 1 - 2 Kg University of Surrey
Gerbil _ Male 30 g University of Surrey
2.2;
2.2.1. Animals
MATERIALS AND METHODS
The details of-animals used in this research project are listed 
in Table 2.6. All animals were allowed food and water ad libitum 
prior to sacrifice. The diets were the standard feedstuffs employed 
in regular care of the animals. Monkeys, ferrets and rabbits were 
killed by i.v. injection of Nembutal and the dog by _iv. injection of 
P e n t o t h a l ' The x>ig and sheep were killed by captive humane bolt, 
all other animals were killed by cervical dislocation. Human liver 
samples were obtained as needle biopsies.
Materials
See Appendix 1.
2.2.2. Preparation and Maintenance of Isolated Cells
2.2.2.1. Cell Isolation Procedures
a) Collagenase-hyaluronidase digestion of liver slices.
After killing the animal, the abdomen was swabbed with 70^ alcohol
(v/v) and the liver lobes separately dissected out and where necessary
the gall bladder was cut away. The lobes were then placed into P B S ^ ’
2+ 2+
(Dulbecco's phosphate buffered saline - Ca and Mg free) 3 (Cumming, 1970 ) 
All solutions contained phenol red indicator and the pH was maintained 
at pH 7.5 although adjustment was very rarely needed. After weighing, 
the lobes were dried on filter paper and placed on a fresh piece of 
filter paper supported by a glass plate. Each lobe was sliced using 
a sharp microtome blade (see appendix). In order to obtain a good 
yield of viable cells, it was important that the slices were not greater 
than 0.5 nun in thickness and were cut quickly and cleanly with single 
strokes of the blade rather than by a sawing action. The cut slices
were transferred into small Petri dishes containing fresh PBS’A* 
using blunt-nosed forceps, it was important not to break the slices 
unnecessarily by rough handling although incompletely-separated slices 
could be gently teased apart using seekers. Slices were placed, in 
approximately 3g portions, into 250ml conical flasks containing 10 ml 
PBS'A*. The flasks were shaken for 10 minutes at 37°C in a shaking 
water bath (approximately 90 oscillations per minute). The super­
natant was discarded and the washing procedure repeated twice more, 
with fresh portions of PBS'A’ «> This was followed by two 10 minute
washes in PBS'A’ containing 0.5 mM EGTA (see appendix) to remove the 
2+
intercellular Ca . After ;the EGTA treatment, the slices were incubated
for 60 minutes at 37°C in the shaking water bath, in a mixture of
2+
0.05^collagenase and O.l^hyaluronidase in Hanks Mg -free balanced
2+
salt solution (BSS) containing 5mM CaCl^. (Ca is necessary for optimal
collagenase activity). The dissociated cells were filtered through a
layer of Bolting cloth (150 pM pore size). The undigested tissue
remaining on the filter was rinsed by pouring 5 ml PBS’A* through the
filter and this was pooled with the initial filtrate. The filtrate was
centrifuged at approximately 50 g for 2 minutes and the pellet
av
washed twice with PBS’A ’. The cells were finally suspended in L - 15 
complete culture medium containing 10/6 foetal calf serum and 10jo tryptose 
phosphate broth and after determination of the yield and viability of the 
preparation, were diluted with culture medium according to subsequent use.
Various modifications to this basic procedure were tried before the 
standard procedure outlined above was adopted. Other conditions used, 
included:-
1) Conducting the washing stages at 4°C.
2) Varying the enzyme incubation period or using increased or decreased 
enzyme levels or with the omission of hyaluronidase. Sequential digests 
(3 x 15 minute incubations in fresh mixtures of the enzymes) were also 
attempted.
3) Adding albumin or insulin at the enzyme dissociation stage.
4) Assuming the majority of cells released initially, to be the 
dead cells from the cut surfaces of each slice, the supernatant was 
culled off after 15 minute incubation with the enzymes and replaced 
by fresh enzyme mixture and the incubation continued for 45 minutes.
5) Undigested material was disrupted by drawing it through a pipette 
■and-pooled with the filtered cells.
b ) Other enzymic digestion procedures
The ability of the following proteolytic enzymes to dissociate the 
liver cells was also investigated: trypsin (0 .25^ w/v), pronase
(0.125^ w/v )j Viokase (0.25^ w/v ) lysozyme (0.05% x/v )> subtilisin 
(0.15fo v/v) and elastase (0.10$ v / v ) .  The enzymes were dissolved in 
PBS'A’ or Hanks BSS. The livers were sliced or scissor-minced and 
washed in PBS’A'. In some experiments, the treatment with EGTA was 
omitted. Enzymic digests were continued for varying time periods 
between 10 - 120 minutes at varying temperatures (4°C , room Hemp, 
or 37°C) Overnight incubations at 4°C were followed by 30 minutes 
incubation at 37°C. Enzyme mixtures or sequential digests with fresh 
lots'of enzyme were used.
c) Mechanical Procedures.
These methods were tried separately or in conjunction with an 
enzymic digestion.
1) Tissue press: Slices of tissue were placed between two layers of
Bolting cloth and fastened over a beaker with an elastic band. Pressure 
was applied by rolling a test-tube over the Bolting cloth. Isolated 
cells were then washed through the filter with culture medium.
2) Tissue was finely minced with scissors and disrupted by drawing it 
through a large pipette or syringe (2 - 3  times).
3) A magnetic stirring bar was used in some experiments to aid mixing, 
and dissociation of the tissue.
d) Ammonium Chloride Dissociation (Waymouth, 1974)
The liver was sliced and placed in ammonium chloride solution^
(0.82ofc w/v in 50 mM Tris-HCl, pH 8.4) in a hand-operated Potter- 
Evejhem homogeniser. After gentle homogenisation (3 strokes) the 
homogenate wan. left at room temperature for 10 minutes. When the tissue 
had settled, the clear supernatant was removed and ammonium chloride 
solution. pH 7.2,added. After a further 30 minutes, the homogenate was 
filtered and the released cells examined. This procedure was also tried 
without the homogenisation step and at 37°C in a shaking water hath.
2.2.2.2. Storage experiments
In some instances, liver samples were collected from sources outside 
the laboratory. Several experiments were conducted to determine the optimal 
conditions for storage of the livers prior to commencing the isolation 
procedure,. Liver lobes, sliced and unsliced, were stored for up to 4 hours 
at 4°C in culture medium or in Hanks BSS containing collagenase and
hyaluronidase (0.05$ and 0 .1^  v/v )° Dimethylsulphoxide {5fo v/v in culture
medium) was also used as a cryoscopic agent.
2.2.2.3. Preparation of Cell Cultures
All apparatus used during the cell isolation procedure was sterilised 
by dry heat sterilisation (180°C for 20 minutes) or by autoclaving 
(15 lbs pressure for 15 minutes), as appropriate. Gentamycin 75 ug/ml 
was added to PBS’A' and Hanks BSS solutions. Penicillin (100 IU/ml) and 
streptomycin (100 ug/ml) were added to all culture media. A  variety of 
sterile tissue culture vessels were employed. Cells were seeded at a
density of 1 x 10 viable cells per ml into polystyrene flasks (2 ml 
per flask) or polycarbonate bottles (5 ml per flask). Glass bottles vere 
generally not used as the hepatocytes did not attach veil to a glass surface 
(see Chapter 6). Cultures vere set up on collagen-coated glass coverslips 
for use in histochemical studies (Noyes71975). The collagen solution 
vas prepared as follows: Acid-soluble collagen, 25 mg, was dissolved in
0* \ °jo v/v acetic acid. A length of dialysis tubing vas prepared and a 
sample of the solution placed inside. The collagen solution was dialysed 
for 24 hours at 4°C against tvo lots of distilled water. Attempts to 
perform.this preparation under sterile conditions vere not very successful. 
Therefore, after a thin film of collagen had been coated on each coverslip 
using a metal needle, the coverslips, contained in a Petri dish, were 
sterilised for 20 minutes at 180°C. This also caused the collagen gel to 
harden. The coverslips were placed into Leighton tubes and seeded with 
1 ml of cell suspension containing 0.5 or 1 x 10^ viable cells. Plastic 
flasks were also coated with collagen, on occasion, but in these cases, 
the presterilised gel was hardened over a longer time period at 37°C. 
Coverslips and flasks vere also coated with poly—1-lysine (0.1^ v/v in 
water) (Mazia et al., 1975) as an aid to cell attachment.
After 1 - 2  hours (coverslip cultures) or 5 — 4 hours (flask cultures) 
the culture medium was gentle removed and replaced by fresh medium. This 
removed all dead or unattached cells and enabled the attached cells to 
spread out on the culture surface. After approximately 18 hours, the 
cultures were washed with PBS’A ’ containing gentamycin and fresh culture 
medium vas added. Thereafter, fresh medium was added at ,two—day intervals.
2.2.2.4. Trypan blue exclusion test for the determination of yield and
viability of isolated cells.
An aliquot of cell suspension (0.25 ml) was mixed with trypan blue
(0.1 ml) to give a final concentration of 0.14$ trypan blue. The 
suspension was transferred to an improved Neubauer counting chamber and 
examined under the microscope. Non-viabie cells were stained blue in the 
cytoplasm or nucleus (Howard et al-, 1973, Seglen, 1976a.). The total cell
Total Cell No.
2.2.2.3. Cell Nuclei Count
This method was used to determine the number of cells growing in 
monolayer cultures. The medium was decanted off the cell monolayer and 
replaced by 0.1$ (w/v) crystal violet in O.lM citric acid (2 ml per 
2 oz bottle or 25 oz plastic flask, 4 ml per 4 oz bottle). The cultures 
were incubated at 37°C for 60 minutes, and shaken at 20 minute intervals. 
After thorough mixing using a pipette, the nuclei were counted in a 
counting chamber.
4
Nuclei No. x 2 x iO = No. of nuclei per flask.
2.2.2.6. Subculturing Procedures
The cell monolayers were washed in PBS’A 1 and 0.25$ (w/v) trypsin or 
0.125$ (w/v) pronase in PBS’A ’ or EGTA solution was added. When trypsin 
was used, the bulk of the solution was removed after 30 seconds and the 
flasks placed at 37°C until the cells became detached. Culture medium 
containing serum was added (trypsin is inactivated in the presence of 
serum). After dispersing the cells by pipette, the suspension was 
inoculated into fresh flasks. Pronase treatment was carried out completely 
at 37°C. After the cells had become detached, the suspension was centrifuged 
and the enzyme solution removed. The cells were washed twice with fresh
number and the number of viable cells was determined and the percentage
viability calculated
Viability Index
Yield
No. of Viable  = ------------
medium to remove all traces ,of enzyme ana then finally resuspended 
and inoculated into fresh flasks.
2.2.3c Biochemical Assessment of Isolated Hepatocytes
2.2.3.1. Biphenyl 2- and 4- hydroxylase assay
Cell suspensions were diluted to 2 x 10^ viable cells/ml and 5 ml 
samples incubated in 50 ml conical flasks in a shaking water bath at 
37°C. The reaction was started by the addition of 10 jul biphenyl 
(70 pH final cone.) in dimethyl formamide (maximum final conc. 0 .2^ v/v). 
These concentrations of biphenyl and dimethyl formamide do not produce any 
detectable cytotoxicity (p. Wiebkin, personal communication). After timed 
intervals the flasks were removed and placed on ice to stop the reaction.
The standards, 4-hydr0x3biphenyl . and 2-hydroxybiphenyl were added 
separately to cells at 4°C. Aliquots (l ml x 4) were transferred into 
10 ml sovirel ttube:s and each extracted in 3.5 ml n-heptane containing 
1.5^isoamyl alcohol by mixing for 10 minutes on a rotary shaker and 
centrifuging at 2000 rpm for 5 minutes. An aliquot of the organic phase 
(2 ml) was back-extracted into 5 ml of 0.1N NaOH. After removal of the 
organic phase, the alkali phase was mixed with 0.5N succinic acid 
(pH 5.0, 0.5 ml) in a cuvette and the 4-hydroxybiphenyl measured 
fluorimefcrically at 274 nm excitation and 330 nm emission wavelengths 
and 2-hydroxy biphenyl at 2^0 nm excitation and 405 nm emission wavelengths, 
(Creaven et al., 19&5).
2.2.3.2. Determination of Conjugated Metabolites
Metabolite conjugates were subjected to an enzymic hydrolysis procedure 
followed by extraction and measurement. For estimation of the total 
conjugation, 0.2 ml acetate buffer (pH 5.0) and approximately 1 mg crude 
(3-glucuronidase (275 Fishman units) were added to each ml of incubate and
the samples incubated at 37°C overnight. The hydrolysed metabolites 
vere extracted and determined as above.
Levels of glucuronic acid conjugation were determined following 
an overnight .incubation with 0.5 ml ketodase solution, i.e. (3-glucuronidas 
that is free of sulphatase activity (2500 Fishman units/ml incubate). 
Sulphate conjugation was determined following overnight incubation with 
arylsulphatase (350 Fishman units/ml incubation) in 0.2M acetate buffer, 
pH 5.0. Since this preparation of arylsulphatase contained some 
jB-glucuronidase activity, 20mM saccharo-l,4-(3-Iactone was added to inhibit 
the p-glucuronidase activity. Controls were run simultaneously to which 
no deconjugation enzymes were added.
2.2.3.3. Benzo(a)pyrene Hydroxylase assay (arylhydrocarbon hydroxylase)
Benzo(a)pyrene hydroxylase activity was determined essentially by 
the method of Nebert & Gelboin (1968). Benzo(a)pyrene (80 pM final cone.) 
in dimethyl formamide (0 .2^ v/v final conc.) was incubated with 2 x 10^ 
viable cells at 37^C in either 1 ml volumes or 5ml volumes for 60 minutes. 
The reaction was terminated after timed intervals by placing the flasks 
on ice. The 1 ml incubates or 1 ml aliquots of the 5 ml incubates were 
extracted with 3 nil n-hexane and back-extracted into 5 ml of IN' sodium 
hydroxide. During the entire procedure, all vessels were covered in tin­
foil. The amount of 3-hydroxybenzo(a)pyrene in the alkali phase was 
measured fluorimetrically, as quickly as possible, using 396 nm excitation 
maximum and 522 nra emission maximum. Quinine sulphate was used as a 
fluorimetric standard and calibrated with respect to 3-hydroxybenzo(a)®yrene 
(kindly donated by Dr. H.V. Gelboin).
The water-soluble metabolites were subjected to deconjugating enzymes, 
as described in Section 2.2.3.2. then extracted and estimated, as above.
2.2.3.4. 7-Ethoxycoumarin Q-dealkylase assay’..
£O , \
2 x 10 viable cells (1 ml volume) were incubated in 10 ml conical
flasks with 2 pi 7-ethoxycoumarin (70juM final concentration) in 
dimethyl formamide for 45 minutes. The reaction was stopped after 
timed intervals by placing.the flasks on ice. 0.5 ml incubate was 
transferred into 4.5 mis ice-cold PBS'A' and four aliquots (l ml) taken 
for the extraction and deconjugation procedures. Free 7-hydroxycoumafin 
was extracted in 5 mis diethyl ether containing 1.5^isoamyl alcohol and 
2 mis of the organic phase were back-extracted into 5 mis 0 .2M glycine/
NaOH bufferypH 10.4. The conjugates in the aqueous phase were determined
following deconjugation (Section 2.2.3.2.) and extraction.7-Hydroxy- 
coumarinwas estimated fluorimetrieally using an excitation maximum 
370 nm and emmision maximum 450 nm. 7-hydroxycoumajon was used as a 
fluorescent standard.
.2.2.3.5* 4-Methylumbelliferone Assay
4-Methylumbelliferone was dissolved in PBS'A1 (stock cone. 700 pM).
6
2 x 10 cells in 1 ml relumes were incubated with 0.1 ml 4-methylumbelli- 
ferone for 45 minutes. 0.5 ml Sample was diluted to 5 mis in ice-cold 
PBS1 A* and four 1 ml aliquots taken for the determination of the metabolites. 
The samples were extracted with 5 ml diethylether containing 1.5 
isoamyl alcohol to remove any unmetabolised 4-methyumbelliferone. The 
remaining aqueous samples were subjected to deconjugating enzymes as 
described in section 2.2.3.2. The hydrolysed metabolites were extracted 
as described in Section 2.2.3.4. 4-Methylumbelliferone (0.1 ml stock 
soln) was added to . ! ml PBS'A’ and the solution diluted 1 : 10 with 
PBS'A’ (final cone = 6.36 n moles/ml PBS'A’). 1 ml aliquots were 
extracted as described above and used as standards for this assay.
2.2.3.6. y -Glutamyl Transpeptidase Activity
The activity of y-glutamyl transpeptidase was determined according 
to the method of Szasz (1969) using y-glutamyl-p-nitroanilide (4.4 mM) 
as the substrate.
2.2.4. Biochemical Assessment of Cultured Cells
2.2.4.1. Staining Methods
a ) Haematoxylin - Eosin Stain (Fox et al., 1974)
The cells were established on collagen-coated coverslips or in tissue 
culture flasks. After washing the cell monolayer with PBS’A', the cells 
were fixed in acetic : alcohol : formalin (5 : 85 : 10) for 5 minutes. 
After fixing, the cells were rinsed twice in tap water and stained in 
Harris’ haematoxylin for 3 minutes. The cells were rinsed twice in tap 
water and differentiated with 0.5$ HC1 for 15 seconds. The acid was 
decanted and replaced by 0.5$ Cw/V) a(l* lithium carbonate for 5 minutes. 
After decanting this solution, the cells were rinsed in 70$ (v/v) aq. 
ethanol and then stained in 0.5$ alcoholic eosin for 1 minute. The excess 
stain was removed in three rinses with absolute alcohol. Cell monolayers 
in tissue flasks were rinsed once in isoamyl alcohol. In order to make 
the preparations semi-permanent, each flask received approximately 0.25 ml 
isoamyl alcohol to cover the monolayer. Coverslip cultures were rinsed 
once in xylene then mounted on microscope slides with D.P.X.
Nuclei were stained blue with very dark nucleoli, the cytoplasm was 
stained pink.
b) Oil Red 0 Stain for Lipid
The cells were fixed in neutral buffered formalin. A saturated
solution of Oil Red 0 was prepared in isopropyl alcohol. 6 ml of this 
was diluted with 4 ml distilled water and after 10 minutes, was filtered. 
The filtrate was added to the fixed cell sheet for 30 minutes, during this 
time the vessel was sealed. After staining, the cell sheet was rinsed in 
60/c (v/v) aq. ethanol.
c) Periodic Acid-Schiff (PAS) Stain for Glycogen (Horobin and Kevill-Davi
1971
The cells were fixed in neutral buffered formalin for 5 minutes or 
methanol for 10 minutes. 1$ aq. periodic acid was added for 5 minutes. 
After removing this solution, the cell sheet was rinsed in running tap 
water followed by distilled water. The cells were rinsed further in 
70 jo aq. ethanol then stained for 20 minutes in the Schiff stain. (The 
staining solution comprised 0 .5$ v/v basic fuelisin in ethanol : distilled 
water : cone hydrochloric acid (80 : 20 : 1 v/v)). After staining, the 
cell sheet was washed with absolute ethanol to remove excess dye. Glass 
coverslip cultures were further rinsed in two.changes of xylene and 
mounted in D.P.X.
In Iracellular glycogen stained pink.
2.2.4.2. Determination of Mitotic Index
Cell cultures were incubated for 5 hours in the presence of colcemid 
(0.05 jug/ml) and then stained with haematoxylin and eosin. The percentage 
of cells in mitosis was ascertained.
r 3 -i r14 -i2.2.4.3. Incorporation of | H 1-Leucine and [ C [-Glutamic Acid
Radiolabelled amino acid (l mM, 4 jiC per culture) was added to each 
culture, 24h post-inoculation. The cells were harvested at the following 
times: Oh, 3h, oh, 24h, 30h and 48h. At each time point, the cell sheet
was washed four times with PBS’A ’ and shaken dry. Cells were scraped into
1.0 ml water and 1 ml ice-cold 20$ (v/v) trichloroacetic acid (TCA) 
added. Samples were mixed and centrifuged. The precipitates of TCA- 
insoiuble material were washed three times in 10$ v/v TCA and digested 
in IN sodintn hydroxide. Samples were taken for protein determination 
according to the method of Lowry et al. (1951). Radioactivity was determined 
using internal standardisation for quench correction.
2.2.4.4. Histochemical Assays
The aciivifiesof several enzymes involved in intermediary metabolism 
were determined in cultured hepatocytes. The following enzyme activities 
were determined according to the techniques of Chayen et al. (1973) •  
succinic dehydrogenase (mitochondrial) glucose-6-phosphate dehydrogenase 
(soluble) NADPH-diaphorase or reductase (microsomal) and leucylnaphthyl- 
amidase (lysosomal). Fructose, 1,6-diphosphatase, hexokinase and gluco-* 
kinase activities were determined according to the techniques of Aoe (1974,
1975). In these techniques, the oxidative enzyme systems were linked through 
suitable redox systems to convert tetrazolium salts into coloured insoluble 
products known as formazans which enabled the enzyme activities to be 
localised intracellularly. The intensity of stain is a measure of enzyme 
activity and can be quantitated by scanning microdensitometry (Vickers M 8p).
2.2..4.5. Effect of Insulin and Glucagon on Glucose Metabolism
X • • r  ta) Incorporation of (_ C-J Glucose.
Primary monolayer cultures of adult rat hepatocytes were established 
in L-15 complete medium (i.e. medium containing 10$ foetal calf serum and 
10$ tryptose phosphate broth). The carbohydrate source in this medium 
is galactose. After 24 hours the medium was changed to MEM basic medium 
with no additives but which contained glucose as the carbohydrate source, 
supplemented with 0.4 pC [C^ 1]-glucose per ml (2 ml medium per flask).
In six of the flasks (half of total), the radioactive medium also 
contained insulin at a concentration of 200, 400 or 500 j i Units/ml.
After 24 hours incubation at 37°C, the medium was removed and the 
level of radioactivity present in it was determined. Non—radioactive 
medium containing 200 ng glucagon per ml was added to the flasks and 
after 3 hours, the medium was removed and the level of radioactivity 
determined.
Aliquots (20 ^il) of the media were counted in 6 ml scintillation 
cocktail comprising 0.4$#PP0, 0.0l$£P0P0P, 50$£Triton X100 in sulphur- 
free toluene.
b) Measurement of Intracellular Glycogen Levels
Rat hepatocyte cultures were established on collagen-coated cover- 
slips and exposed to non-radioactive MEM medium containing insulin or 
glucagon as described above. The cultures were stained for glycogen using 
the PAS method (section 2.2.4.1.c). The intensity of intracellular PAS 
positive material was determined by scanning microdensitometry for a 
minimum cf twenty cells per culture. All experiments were conducted on 
triplicate cultures. The amount of PAS positive material was taken to 
be representative of the cellular level of stored glycogen.
c) Intracellular glycogen levels were also measured by the God-Perid 
method (Boehringer, Mannheim).
2.2.4o6. Suppression of Fibroblast growth in primary monolayer cultures
Initially, the primary cell type found in the primary monolayer 
cultures of rat liver cells is the hepatocyte. By day 4 of the culture, 
howrever, fibroblasts begin to dominate the culture. These cells are 
derived from the support matrix and unlike adult hepatocytes, are in a
constant state of cell division. By day 7 of culture, the cell mono­
layer is almost entirely composed of fibroblasts. Therefore, attempts 
were made to suppress the growth of fibroblasts whilst not damaging 
the hepatocytes, Three approaches were tried:-
1) the use of arginine-free MEM medium (commercially produced) since 
hepatocytes possess a functional urea cycle, arginine is not an essential 
nutrient, however, fibroblasts require exogenous arginine for growth,
2) the incorporation of the synthetic glucocorticoid dexamethasone 
(200 jiM) into the culture medium
3) the incorporation of 5-hydroxyurea, a mitotic poison5into the 
culture medium. Concentrations in the range 100 - 500 uM were used.
In all cases, the cultures were treated at day 2 or 3*
2.3- RESULTS
2.3.1. Isolation of Adult Mammalian Hepatocytes
In all the species studied, the most successful preparations of
hepatocytes were obtained from slices of liver digested by a mixture
of collagenase and hyaluronidase enzymes (Table 2.7). Highest cell
yields were obtained from the rat, hamster, ferret, dog, gerbil and
guinea pig, Attempts to isolate hepatocytes from man, pig and most
strains of mice were unsuccessful. The standard procedure as described 
gave .
in- Section 2.2.2a/consistently good results for most species and it was 
only modified slightly for the isolation of hepatocytes from the hamster 
and rabbit. Hamster liver was completely dissociated after 20 minutes 
enzyme treatment and further incubation resulted in a loss of cellular 
viability. The inclusion of hyaluronidase in the digestion of rabbit 
liver reduced the cell yield by 20$ and therefore it was omitted.
Several factors in the collagenase-hyaluronidase procedure were found 
to influence the yield and viability of isolated cells. It was important 
to commence the isolation procedure as quickly as pocsible after the 
removal of the liver lobes. Where this was not feasible, the lobes were 
sliced and washed in PBS’A* then stored at 4°C in complete culture medium 
or in the enzyme digestion medium (collagenase 0.05$ (v/v), hyaluronidase 
0.1$ (v/v). in Hanks BSS). Good yields of viable cells were obtained if 
the slices were not stored for longer than 1 - 2  hours at 4°C. The addition 
5$ (v/v) DMS0 caused damage to the cells such that no viable cells could 
be subsequently isolated.
The most critical step is the production of good liver slices. The 
best results were obtained with slices not greater than 0.5 - 1°0 mm in 
thickness. Speed of slicing was essential but the slices had to be cut
*Viat>le cell yield and viability index of Hepatocyte Suspensions
prepared from various species
Species No, o: 
Expts
: Yield of 
Viable 
Cells/:
(x 10 /g)
Viability
Index
Isolation Conditions+
Rat W/A 27 24,7 86 EGTA wash:
(6 - 6,3) (75 - 95) 0 .05^ (w/v) collagenase
SD 6 5.4 75 + 0.1$ (w/v) hyaluronidase
(3.9 - 6.9) (66 - 83)
i
for 60 mi si.
Gunn 2 5.9 
(5.6 - 6 .1)
70
(69 - 71)
Ferret Albino 8 13.0 84
Polecat (6.3 - 16.3) (71 - 91)
As rat
Hamster 12 18.2 87 As rat except 20 min. digestion
(9.4 - 24) (76 - 93) with enzymes
Guinea Pig 2 8.5 
( 7 - 10)
84
(83 - 84)
As rat
Rabbit 8 2.6 84 EGTA wash; 0.1$ (w/v) collagenase
(0.8 - 4.1) (71 - 97) no hyaluronidase, for 6o mins.
Mouse CFl &
other st:
10
rains
1 1 Various methods
BKTO , 6 3
(1.2 - 4.8)
76
(74 - 79)
As rat
Monkey 4 3
(1 - 8)
82
(80 - 85)
As rat
Gerbil 1 7.1 93 As rat
Sheep 1 2.3 75 As rat
Pig 1 1 1 As rat
Dog 1 7.8 85 As rat
Man 5 0 0 Various methods, including explant 
cultures. ~
i^see next page
Viability judged by Trypan blue dye exclusion test.
Range is given in parentheses.
The optimal isolation conditions are given for those species in which 
more than one animal was available and therefore several isolation 
methods could be tried.
Fig. 2.3. Influence of levels of collagenase and hyaluronidase on the 
yield of viable rat hepatocytes
10-.
to
•H
0.025 0.05 0.075
Collagenase (% w/v)
Each point represents the mean of 3 experiments with the range as the bar 
The viability index was the same (84 — 87%) at all levels of collagenase 
(0.05% w/v collagenase is equivalent to 70 units enzyme activity/ml 
incubation). '
Collagenase + Hyaluronidase- (0.1% w/v) 
Collagenase alone
cleanly and not squashed so as to minimise cell vldamage. This proved 
a difficult task for the livers of hamster and mouse, in particular, as 
the tissue was very soft and the slices were consequently easily damaged. 
With increasing experience, however, good quality slices were produced 
which led to a significant increase, in both cell yield and viability.
2-4-
The initial removal of Ca with FGTA resulted in a higher cell yield 
which confirmed the findings of Segien (1972). For most species (except 
the hamster), maximum dissociation of the liver slices was obtained after 
60 minutes incubation in a mixture of 0.05% ' (w/v) collagenase (approximately 
70 units/ml) and 0*1% (w/v) hyaluronidase (3&5 units/ml). Increased levels 
of collagenase did not significantly increase the cell yield (Fig* 2.3) 
except in the rabbit (5% more cells using 0.1% (w/v) collagenase). The 
presence of hyaluronidase slightly increased the cell yield in all 
species (Fig. 2*5) except the rabbit, but there was no change in cellular 
viability. The inclusion of albumin, serum or insulin in the incubation 
medium did not improve the yield of viable cells in rat or hamster. 
Ingebretsen & V/agle (1972) reported that higher yields of cells were 
obtained when the filtration stage was omitted and the undissociated tissue 
removed by allowing the suspension to stand for 30 seconds. Clumps of 
tissue sedimented and the isolated cells were removed in the supernatant.
In the present studies, however, this was found to be unsatisfactory as 
large clumps of undissociated cells remained in the suspension and made 
the determination of the total cell yield very difficult. Therefore a 
filtration stage was included.
Mechanical handling of the cells, e.g. disruting the tissue by 
pipette or use of a magnetic stirrer, resulted in an increased loss of 
viabilitj7, therefore only gentle shaking of the flask was used to aid 
oxygenation. Gassing the isolation media (95% 0^, 5% COg) resulted in a
loss of viability (j.R. Fry, personal communication),,
The cell suspensions contained mainly single cells but some 
aggregates of two or more cells were also present. The ability of the 
cells to exclude trypan blue was generally good, i.e. greater than 85%
(Fig. 2.4). The yield of viable rat hepatocytes obtained, is approximately 
5 - 4 fold greater than that produced by Howard et a 1.,' (1975) in a 
similar procedure (Table 2.3 and 2.7).
The livers of older animals contained a much greater proportion of 
collagenous material which affected the efficiency of the cell isolation 
procedure. The great difference in yield of cells from the 200 - 300g 
Sprague Dawley rats and the 6o - 80g Wistar albino rats is most probably 
caused by the difference in age between the animals rather than a strain 
difference. The monkey, rabbit and human liver samples were also taken 
from older animals, particularly in the case of the human needle biopsies 
which were taken from aged patients with suspected liver disorders*.
The isolation of viable hepatocytes from mouse liver proved difficult. 
Although several strains were tried, the only successful isolations were 
achieved with BKTO (Ash) mice. The reason for this is not known.
Various non-specific protease enzymes were also used under different 
conditions of temperature, concentration of enzyme or enzyme mixture and 
incubation period. On the whole the results were unsuccessful. These 
enzymes were employed particularly in an effort to isolate mouse 
hepatocytes. However, reasonable yields of viable hepatocytes were 
obtained from ferret and hamster livers (3 - 8 x 10^ viable cells/g liver) 
using either 0.25% (w/v) trypsin for 30 minutes or 0.25% (w/v) pronase for 
60 minutes.
2.3.2'. Biochemical Assessment of Freshly Isolated Hepatocytes in Suspension
Various biochemical functions were investigated in isolated 
hepatocytes prepared from the rat, ferret and hamster. The viability 
of hepatocytes prepared by the collagenase/hyaluronidase method was 
generally high 8p%) as judged by trypan blue exclusion and was
maintained for 6 hours at 37°C. Radiolabelled leucine and glucose were 
incorporated into protein (TCA - insoluble material) at a constant rate 
for 6 hours at 37°C. Also, the cells continued to utilise oxygen at a 
constant rate for several hours ('J. Gwynn, personal communication) and 
adenine nucleotide levels in the freshly isolated cells were comparable 
to those in intact liver (G. Parker, personal communication).
The activity of ^ -glutamyltranspeptidase was investigated in
isolated rat hepatocytes and homogenates and comparable levels were
measured (Table 2.8). The ability of the cells to metabolise model
xenobiotic substrates was studied using biphenyl, benzo(a)pyrene,
7-ethoxycoumarin and 4-methylumbelliferone. Incubation of the hepatocytes
in the presence of these substrates (70 - lOO^iM final cone) for 2 hours
did not cause any apparent loss of cell viability. Maximal activities
6
were obtained with a cell density of 2 x 10 viable cells/ml incubation. 
Metabolism was allowed to proceed for - ;45 minutes or 60 minutes without 
the addition of cofactors. When NADPH was added exogenously, the activity 
of 7-ethoxycoumaiih 0-deethylase in rat hepatocytes was not enhanced 
(Table 2.9)* Therefore, the cells were capable of generating sufficient 
NADPH intracellularly and/or the exogenously-added cofactor was not able 
to penetrate the cellular membranes.
In each species, the substrates were extensively metabolised by both 
the phase 1 and phase 2 systems and the majority of products in the final
Table 2.8
Y -Glutamyl Transpeptidase Activity in Isolated Rat
Hepatocytes and Rat Liver Homogenate-
^-Glutamyl Transpeptidase 
mH/min/mg total protein.
Isolated Hepatocytes. 8.6*, 9.6
Liver Homogenate. 10.0, 9.2
[*Each result represents the mean of triplicate determinations] 
Table 2.9
Effect of NADPH on the Rate of O-deethylation of 
7-Ethoxyconmarin in Rat Hepatocytes.
Experiment 7-Ethoxycoumaiin O-deethylation 
(n mole product/min/10^ cells)
No exogenous NADPH. 0.290* - 0.012
NADPH added at 0.260 - 0.008
2.5 final cone,
pValues are mean of 3 experiments i SEM J
incubates were conjugated metabolites (Tables 2.10 - 13)« The 
results presented in the figures and tables were selected from those 
experiments in which the age and sex of the animals and the experimental 
conditions were as comparable as possible. Each value quoted is the mean 
from 2 or 3 animals and the assays in each animal were performed in 
duplicate.
o~
The activities of bipheny 4-hydroxylase and 7-ethoxycoumarinjdeethylase 
were greatest in the hamster hepatocytes. Ferret hepatocytes displayed 
the lowest activities (Tables 2.10 and 2.11). The activity of aryl 
hydrocarbon hydroxylase in the hamster, however, was considerably lower 
than in the rat and ferret (Table 2.12).
The highest activities of glucuronyl transferase were also measured 
in the hamster hepatocytes (except when 4-methylumbelliferone is the 
substrate). Ferret cells seemed to be generally poor at forming 
conjugated metabolites, particularly glucuronides.
The time course of biphenyl metabolism in the hamster is shown in 
fig. 2.5. The major phase 1 product in all species was 4-hydroxybiphenyl 
but a small amount of 2-hydroxybiphenyl was also detected in the rat and 
hamster. The activity of biphenyl 2-hydroxylase is dependent upon the 
age of the animal (Basu et al., 1971)? in older animals the activity is 
very low. 2-HydroxybipheHyl was generally not detected in the ferret 
hepatocytes, perhaps because these animals were fully adult whereas the 
rats and hamsters were comparatively younger animals. The formation of 
the other phase 1 products of biphenyl, i.e. 3-hydroxybiphenyl and the 
dihydroxy products have been demonstrated in rat hepatocytes by HPLC 
and TLC methods (unpublished; Webkin et al., 1976) but are formed at 
levels below the sensitivity of the fluorintefcric assay.
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Time course of 4-methylumbelliferone metabolism in isolated 
rat hepatocytes.
Total (sulphat
glucuronide)
Glucuronide
Sulphate
45 Incubation ti
Values are the means of duplicate estimations differing b}" less than 
101 from each other.
Maximal levels of free 4-hydroxybiphenyl are reached after 
10 minutes in the rat and after 15 minutes in the hamster and ferret, 
thereafter the levels fall and after 45 minutes are barely detectable 
in the rat and ferret although appreciable levels are still measurable 
in the hamster (probably because the rate of 4-hydroxylation.was greater). 
The fall in the concentration of free 4-hydroxybiphenyl occurs as a 
result of the conjugation of 4-hydroxybiphenyl with sulphate and glucuroni 
acid, In all species, the rate of sulphate conjugation was initially 
constant and appeared to proceed as soon as the phase 1 metabolite was 
produced. After thirty minutes, particularly in the hamster, the rate of 
sulphate conjugation began to fall off. This could have been due to the 
removal of substrate by glucuronidation or to the depletion of the 
available PAPS m  the cell. The conjugation with glucuronic acid showed 
an initial lag in all species but rapidly increased after 10 minutes.
In the ratjthe major conjugate formed was the sulphate but in the ferret 
and hamster, the glucuronide was the dominant phase 2 product. The 
extent of conjugation of the 4-hydroxybiphenyl was slightly less in the 
ferret. This relatively inefficient conjugation of the phase 1 metabolite 
in the ferret was more marked in respect to the conjugation of 7-hydroxy- 
coumaiiuL (umbelliferone) formed from 7-ethoxycoumarin (48$ of total 
metabolites at 45 minutes) (Fig. 2.7). The relative rates of both the
0-deethylase and glucuronyl transferase reactions were considerably 
greater in the hamster (Table 2.11) than rats and ferrets and metabolism 
was completed within 45 minutes. The activity of aryl hydrocarbon 
hydroxylase in ferret and rat hepatocytes was the same but in hamster 
hepatocytes it was surprisingly low. Since benzo(a)pyrene can be 
metabolised via a number of metabolic routes, it is possible that the 
hamster hepatocytes preferentially metabolise benzo(a)pyrene via another 
form of cytochrome P450 with a higher affinity for benzo(a)pyrene, to 
different products. The form of cytochrome involved in the generation 
of the 3-monohydroxybenzo(a)pyrene is not necessarily less active in
hamster relative to the ferret and rat. This is investigated more 
fully in Chapter 4.
In the hamster, the major conjugate formed from each substrate 
was the glucuronide. The ferret was consistently poorer at phase 2 
conjugation than the other species studied. It is interesting to note 
that the phase 1 product from 7-ethoxycoumarin, i.e. umbelliferone, is 
conjugated xiredominantly with sulphate in the ferret whilst 4-methyl— 
uinbelliferone is conjugated more extensively with glucuronic acid,
(Tables 2.11 and 2.13). This is probably related to the concentration 
of substrate available for conjugation at the enzyme site. The lag 
before the onset of glucuronination was apparent in all species with 
all the substrates investigated. Where there was no prerequisite for 
phase 1 metabolism, i.e. in the metabolism of 4-methylumbelliferone, 
the lag was considerably diminished but nevertheless apparent. (Fig. 2.8).
In this case}a lag phase in the onset of sulphation was sometimes observed. 
It is possible that this particular substrate is not taken up so 
rapidly by the isolated cells.
The metabolism of biphenyl via 2-hydroxybiphenyl was not studied 
in detail since the levels measured in the rat and hamster were too low 
to permit an accurate comparison. When the time course of metabolism is 
compared?however, it is apparent that the fate of 2-hydroxybiphenyl in the 
rat could be other than via conjugation with glucuronic acid (no sulphate 
conjugates were detected). The formation of 2-hydroxybiphenyl glucuronide 
rapidly reaches a plateau in the rat but continues to increase in the 
hamster (Figs. 2.5 and 2.6). Wie bkin et al. (1976) have incubated 
2-hydroxybiphenyl directly with rat hepatocytes and their findings suggest 
that 2-hydroxybiphenyl is extensively metabolised by routes other than 
conjugation. The preliminary findings of this study suggest that the 
hamster may differ from the rat in this respect.
2.3.3. Primary Monolayer Cultures of Freshly Isolated Hepatocytes.
Monolayer cultures were successfully established for hepatocytes 
from the rat, ferret, guinea pig, rabbit and monkey (Table 2.7). 
Successful initiation of the cultures was found to depend upon 
several factors viz (l) the viability of the isolated hepatocytes,
(2) the nature of the culture surface (substratum), (3) the composition 
of the culture medium and (4) the species involved.
Consistently good cultures were established from cell suspensions 
containing a high percentage of viable cells. Cell suspensions from 
older animals or those isolated by methods other than the collagenase/ 
hyaluronidase dissociation^were generally unsuccessful. Maximum cell 
attachment was attained within 4 hours after inoculation of the flasks 
Thereafter, the presence of nonviable cells in the culture had a 
deleterious effect on the cell monolayer^resulting in decreased cell 
attachment after 24 hours.
The plating efficiency i.e. the percentage of viable cells remaining 
attached to the substratum 24 hours after inoculation, was within the 
range 10 - 20^ for plastic tissue culture vessels (Table 2.14). Cell 
attachment to collagen-coated or poly-l-lysine-coated surfaces was 
generally higher but attachment to untreated glass surfaces was not 
good. (Table 2.14). The appearance of the culture was also determined 
by the nature of the substratum. Best cultures with good epithelial 
morphology ^as described by Chapman et al., (1973); Wagle et al ., (1973) 
and Alexander & Grisham, (1970 j) were produced on polystyrene or collagen- 
coated surfaces (This is discussed further later). Cells grown on poly—
1-lysine adopted an abnormal morphology and became spread out across the 
surface to an exaggerated extent. Cells did not attach firmly to glass 
surfaces and very few cells adopted the typical granular epitheliocyte 
morphology.
Table 2.14
Effect of Culture Surface on Plating Efficiency and
Appearance of Rat Hepatocytes in Primary Culture.
j.... . — . ....
1i
Sub sir a turn No. of 
Cultures
plating Efficiency 
(24 hours after 
inoculation)
Appearance of Culture 
24 - 48 hours after 
inoculation
: Polystyrene Tissue 
| Culture Flasks
11 14.If, (10 - 21.6$) Cells beginning to spread 
out with epithelial morphology 
both single andmore commonly^ 
in sheets
Collagen-coated
surface
5 30.Of (21 - 38f) Cells beginning to spread 
out with epithelial morphology 
mainly in sheets.
Poly-l-lysine- 
coated surface
3 31.6f (28 - 35.2f) Cells spread out to an 
exaggerated extent, with fine 
pseudopodia-iype projections 
& general straggly formation. 
Mainly singular.
Glass bottles 
(flat-sided)
4 6 .2 f (4.8 - 7.Of) Cells rounded, single or in 
aggregates. Few cells 
spreading out and forming 
cell sheets.
Cell attachment also depended upon the concentration of serum 
present in the medium. Maximum attachment of rat hepatoeytes was 
obtained in the presence of 10 - 15$ foetal calf serum (Fig. 2.9).
This has also been observed by Bonney & Maley, (1975). In a comparison 
of the effect of culture medium on plating efficiency, rat hepatoeytes 
suspended in L-I5 medium were found to attach in greater number to 
a polystyrene surface (19.6^) sas compared with ceils suspended in Ham 12 
(11.4^) or -MEM medium (9.4^). Therefore isolated cells were routinely 
suspended in L-15 medium containing lG?c foetal calf serum, 10^ tryptose 
phosphate broth (a mixture of cell nutrients) ana antibiotics, both for 
immediate use as suspensions or for the inoculation of cultures. In 
cultures of rabbit or guinea pig hepatoeytes, this level of serum was 
found to cause cell detachment after 24 hours and therefore 5$ foetal 
calf serum or heat-inactivated serum (6o°C for 1 hour) was used. Good 
cultures of ferret hepatoeytes were obtained using the same conditions 
as for rat hepatoeytes, but plating efficiencies were much higher 
(50 - 60Jo). Attempts to culture hamster, mouse, gerbil or pig 
hepatoeytes were unsuccessful. Apart from hamster, this may have been 
due to the poor viability of the isolated cells. The initial viability, 
as judged by trypan blue, was often good but this decreased rapidly if the 
cells were incubated at 37°C for any length of time. Hamster hepatoeytes, 
however, were obtained in good yield and the viability did not decrease 
over a 6 hour period at 37°C. The functional activity of the cells was 
also found to be satisfactory,as described in the previous section. Yet, 
attempts to conserve the life of the cells in culture were unsuccessful. 
Culture media (L-15, Ham 12, MEM) containing serum (foetal calf, calf, 
horse, hamster or pure bovine albumin) and tryptose phosphate broth 
(both in the range 0 - 2.0fo v/v) with or without the addition of insulin 
(500 uU/ml) were tried,but to no avail. Insulin has been reported to 
improve the longevity and ultrastructural integrity of cells in culture 
(Wagle et al., 1973; Wagle & Sampson, 1975).
Fig. 2.9. Effect of foetal calf serum on the attachment of cells 
to polystyrene culture flasks.
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Rat hepatoeytes were suspended in L-15 medium containing varying levels
6
of foetal calf serum and plated at 2 x 10 cells /2 mis medium/flask. 
Nuclei counts were performed after 4 hour or 24 hours in culture. 
Results are the-means of triplicate flasks.
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Fig. 2.4. Freshly isolated rat liver cells
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The cells are suspended in trypan blue solution. The non viable cells 
take up the dye and become stained blue.
(magnification x IQO)
Fig. 2.10 Rat liver cells after 1 day in culture
 m  £l
The cultures are stained with haematoxylin and eosin
(magnification x 200)
Fig. 2.11. Rat liver cells after 2 days in culture
Hepatoeytes are grouped into sheets. The cells are flattened and 
several intercellular spaces are apparent. ['[(magnification x 600)
Fig. 2.12. Rat liver cells after 7 days in culture
Fibroblasts have become the dominant cell type. Sheets of hepatoeytes 
are less frequent and contain fewer cells, (magnification x 200)
The appearance of rat hepatoeytes in culture was examined by 
light microscopy (Figs. 2.10 - 2 C12). At day 1 (24 hours after 
inoculation), two distinct cell types were visible: an epithelial
type and a fibroblast type. The latter cell type accounted for less 
than 5$ of the total population of cells and was present in either 
a spindle or stellate formation with a large distinct nucleus. The 
predominant cell type was the epitheliocyte. These cells vere either 
attached singly or in sheets of several cells (ranging from 3 - 20).
These cells had adopted a polygonal formation with a granular cytoplasm 
in which some vacuoles were visible and a large dominant nucleus. Many 
of the cells were in fact, binucleate (20 - 30$) and approximately 0*5 — 1$ 
were shown, after exposure to colcemid, to be in the mitotic state. One 
or two nucleoli were visible in each nucleus and typically^several 
darker chromatin dots vere observed. The epithelial cells were overlaid 
with considerable numbers of rounded cells that were assumed to be non- 
viable. These were removed 24 hours after inoculation of the culture 
by a thorough washing of the cell sheet in PBS’A 1 before the addition 
of fresh medium.
At day 2, more of the epithelial cells had moved into sheets, 
particularly at the edges of the culture flask. Extracellular spaces, 
resembling bile canaliculi, were observed in the points of contact 
between neighbouring hepatoeytes in the sheets. Many of the cells, 
generally those attached singly and containing the larger vacuoles and 
lipid droplets were lost from the cultures by this stage. The plating 
efficiency, calculated in terms of the original numbers of cells 
inoculated, had decreased to 7 - 10$. These cells stained positively 
for glycogen (PAS stain) but very few cells were found to contain lipid 
droplets. If the cultures were maintained in Ham 12 or MEM medium, more 
cells became stained positive for lipid indicating the incompatability of
these media with primary hepatocyte cultures. Bj1- day 3 , the fibroblast 
population had increased significantly and after day 4, became the 
dominant cell type. At day 8, the fibroblasts had completely overrun 
the culture. A few areas of epithelial cells remained but the greater 
majority had become detached. The fibroblast cells did not stain 
for glycogen or lipid.
The growth of the fibroblasts was successfully suppressed after 
exposure to 5-hydroxyurea or growth in arginine-free medium (Fig. 2X3);  
dexamethasone vas-without significant effect. These treatments were 
introduced 48 hours after inoculation of the cultures. In the cultures 
in which fibroblast growfh was suppressed, the hepatocyte population 
also continued to decrease at a rate similar to that observed in the
controls, such that by day 7, the hepatocyte population was only 30fo
of that at day 1. It may be that the 5-hydroxyurea was also toxic to 
the hepatoeytes, even when a pulse of 100 pM 5-hydroxyurea for 24 hours 
only,was employed, and that the basic MEM composition of the arginine- 
free medium was inconducive for the maintenance of healthy hepatoeytes, 
although no functional texts were carried! out to verify this. 
Alternatively, the general culturing conditions for the hepatoeytes 
may not be optimal for preservation of the cells and the effects of 
fibroblast growth or the added suppressant agents may only be secondary. 
This needs to be investigated in more detail.
The fibroblasts could be detached from the culture surface after
treatment with trypsin or pronase. When the enzymes were dissolved in 
an EGTA-containing buffer, cell detachment was accomplished more 
efficiently and the fibroblasts successfully subcultured in fresh medium. 
Attempts to subculture hepatoeytes vere unsuccessful as cell detachment 
was always accompanied by the loss of cell viability;.?
Flasks were plated with 2 x 10 cells. The number of cells per flask 
was determined from the nuclei count. The hepatoeytes was assessed 
by microscopic examination of the culture.
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Fig. 2.13b. Suppression of fibroblast growth by 5mM 5-hydroxy urea 
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Cells were exposed to 5-hydroxyurea continuously after 1 day in culture.
2.3.4. Biochemical Assessment■of Cultured Hepatoeytes
Several functional tests were performed on the primary liver cell 
cultures to establish wTiether the epithelial cell-type, predominant 
during the first three days of culture, behaves in a manner comparable 
to that of the hepatocyte of the intact liver in vivo. The findings 
reported here vere generally from studies in cultured rat hepatoeytes 
although similar studies in cultured ferret hepatoeytes have yielded 
virtually identical results. In all studies, the cell sheet vas washed 
at 4 hour and 24 hours after inoculation and fresh L-15 complete medium - 
added before commencing each test.
Protein synthesis was assessed in terms of the incorporation of 
radioactive leucine or glutamic acid into TCA-insoluble protein. The 
incorporation was also expressed per number of cultured cells but the 
findings were the same in either case. Leucine and glutamic acid were 
incorporated into the cells during days 1 to 3 and then appeared to level 
off. (Fig. 2.14). From this graph, it is apparent that the rate of the 
amino acid incorporation is greater at day 2 than day 1. The reduced 
rate of incorporation after day 3 was not caused by the radiolabel 
becoming limiting as only approximately 10$ of the added radioactive 
amino acid was incorporated during the 4-day experiment. Other nutrients 
for the cells may have become limiting however and thereby affected the 
turnover of cellular protein. The total amount of TCA-insoluble protein 
per culture .decreased markedly (Fig. 2.14) between days 1 and 2 and 
thereafter decreased more slowly. This parallels the change in cell 
numbers per culture, as the fibroblasts began to dominate the rate of 
amino acid incorporation and protein levels increased again.
Albumin production by rat hepatoeytes was detected immunologically by 
Ouchterlony gel diffusion against a rat albumin standard. The presence of
Fig. 2.14.
Incorporation of [_ *c]-leucine into TCA-insoluble material in
rat hepatocyte cultures.
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Table 2.15
Intracellular Glycogen Levels - determined by 
GOD-Perid Method
Days in Culture
Insulin (200 mu/ml 
for 5 h) 
starved for 5 hr
Glycogen Level (ug glucose equivalent
per 106 cells)
19.9
26.6
25.4 
20.0 
14.1 
38.6
13.5
Free Glucose Level (ug glucose f ^
equivalent/10 cells)
(These results are presented from a typical experiment. Bach figure 
is the mean of triplicate estimations in one assay).
De
ns
it
y 
of
 
PA
S 
st
ai
n/
un
it
 
ce
ll
 
$ 
R
ad
i
oa
ct
iv
it
y 
re
ma
in
in
g 
in 
m
e
d
i
u
m
.
Fig. 2.15- Effect of insulin and glucagon upon the uptake of [ A\j]-glucbse 
by cultured rat hepatoeytes.
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Fig. 2.16. Effect of insulin and/or glucagon on the glycogen content of
cultured rat hepatoeytes as judged by scanning microdensitometry of 
intercellular PAS-positive material.
4
3
2
1
Day 1 _ i - + + Insulin 24h, 500 pU/ml
Day 2 ~ i1
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Results expressed in both Figs. are the mean of 3 experiments ^ S.B.M.
a functional urea cycle is suggested from the ability of the cells to 
survive in an arginine-free medium,, Urea production in the cells has 
been measured by F r y  (1974). The cells also possess a capacity for 
gluconeogenesis since the cultures are successfully maintained in 
L-15 medium vhere galactose is the carbohydrate source and no glucose 
is present.
Glycogen levels were determined in the cells by the God-Perid 
method. Levels of stored glycogen increased by approximately 25$ 
in the day 2 cultures relative to the levels at day 1 but thereafter the 
levels declined (Table 2,15)* Exposure to insulin (200 mu/ml) for 5 hours 
raised the intracellular glycogen levels by 45$ but if the cells were 
starved of nutrients for 5 hours, by replacing the culture medium with 
PBS*A1j the glycogen levels fell by 51$ (relative to day 2 control values). 
Levels of intracellular glucose never exceeded 10$ of the glycogen levels 
demonstrating that high intracellular pools of free glucose were not 
present in the hepatoeytes but the excess glucose was stored as glycogen.
The effects of insulin and glucagon were investigated further in
studies in which glycogen levels were determined histochemically^according
14
to the PAS method or by measuring the incorporation of C-glucose* The 
rate of glucose uptake bv the cells was increased under the influence of 
varying concentrations of insulin (0 - 500 ^iU/ml) during a 24 hour period(Fg 2JL 
There was a corresponding Increase in the intracellular levels of 
glycogen (Fig. 2.l6) determined as PAS-positive material. Glucagon 
(200 ng/ml for 3h) caused a decrease in glycogen levels. The glucagonic 
effect was greater when the cells had previously been exposed to 
insulin (500 jiu/ml, 24 h) (Fig. 2.16).
The presence of several enzyme activities was demonstrated histo—
chemically although quantitation of the activities for comparison with 
in vivo levels was not done.
Fructose, 1,6-diphosphatase activity was determined according to 
the method of Aoe (197*0s activity of this enzyme is controlled by
the intracellular level of 5*-AMP. When rat hepatocyte cultures were 
incubated for 1 hour in the presence of 0.5eM or l.OmM 5 1-AMP, the 
subsequent activity of fructose, 1,6-diphosphatase was lowered by 16^ 
and -kOfo respectively, relative to the control values. Glucokinase 
appears to be rapidly lost in some cultures (Bonney et al», 1975) ana 
therefore levels of hexokinase, and glucokinase were measured in rat 
hepatoeytes according to the method of Aoe (1975). The activity of 
hexokinase was clearly demonstrated by this technique but although 
the levels of specific glucokinase activity were considerably less^
(30 - 50fo of the hexokinase levels) , the activity remained fairly 
constant within the cells from day 1 to 3.
Other enzyme activities demonstratable within the cells include 
glucose-6-phosphate dehydrogenase, succinic dehydrogenase, leucyl— 
naphthylamidase and NADPH-diaphorase. These levels also remained fairly 
constant during the first three days in Culture (Figs. 2.17 — 2.20).
The latter enzyme was inducible by benzo(a)pyrene. This result, 
together with the metabolic fate of benzo(a)pyrene in cultured rat 
hepatoeytes is discussed in Chapter 5.
Fig. 2.17. NADPH-Diaphorase activity in rat liver cell cultures,
(magnification x 240)
■w\i*
Fig. 2.18. MDPH-Diaphorase activity in rat liver cell cultures
previously treated with 8Q pM BP for 6 hours, 
(magnification x 240)
Fig. 2.19. Glucose 6-phosphate dehydrogenase activity in rat liver
cell cultures, (magnification x 240)
Fig. 2.20. Leucylnaphthyiamidase activity in rat liver cell cultures 
(magnification x 240)
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DISCUSSION
1. Isolation of Hepatoeytes
Tiie most successful method for the isolation of high yields of viable
hepatoeytes involved treatment of the liver with collagenase and hyaluroni-
dase enzymes. This confirms the findings of several other workers (Gallai-
Ratchard. & Gray, 1971; Murthy & Petering, 1959; Seglen, 1976%'; Berry, 1975)
Most workers have adopted the method of Howard et.al, (1967) or Berry &
Friend, (19&9), both of which require perfusion of the liver. In the
present procedure, the perfusion stage was omitted thereby enabling high
yields of viable hepatoeytes to be isolated in a quick, cheap manner
without the need of any complex apparatus or high degree of technical
skill. Most studies reported in the literature have used rat liver as
the source of hepatoeytes although preparations have been reported from
other species (Table 2.4). The procedure outlined in this study was very
successful in obtaining good yields of cells in a variety of species in
which the perfusion methods would have been extremely difficult or costly
to perform. Although the yields of viable cells are not so great as
those obtained in the Berry & Friend procedure (1969), they are high enough
to be representative of the total hepatocyte population and are sufficient
in number for most experimental requirements (compare Tables 2.3 a^ td 2.7).
2+
The role of Ca ions in the liver itself and in the action of collagenase
is subject to much debate (see Tager, Soling and Williamson, 1975).
24-
Initial washing of the liver slices and the use of a Ca -free EGTA
buffer gave increased cell yields, as reported by Seglen (1972). In this 
24-
way, a Ca -dependent adhesion factor was removed which enabled the 
desmosomes (intercellular junctions) to cleave. The tight.junctions 
between apposing cells can only be separated by tearing the plasma 
membrane of one cell which was achieved by gentle shaking of the cells
in the enzyme mixture. The defect in the plasma membrane can be
2+
subsequently rex>aired by the cell (Berry, 1975). Ca ions were 
re-added at the dissociation stage to obtain maximal activity of the
collagenase enzyme and because 'Baur _et_aj.\ (1975) showed that, cells isolated
2+ + 
without Ca had a lower K content and membrane potential. Many
2-5-
other workers, however, have chosen to omit Ca completely, notably 
Berry & Friend (1969). The inclusion of hyaluronidase did not 
significantly increase the yield of viable cells but it has been 
reported to protect the cells, in some manner, yfrom the tryptic 
contaminants of the collagenase preparations, and thus help to conserve 
the hormonal-responsiveness of the cells. (Ghrrison & Haynes,, 1973).
However, hyaluronidase has also been reported to stress the cells with 
the resultant depletion of intracellular glycogen stores (Wagle &  
Ingebretsen, 197^)* This was not found in the present study. Changes 
in the intracellular glycogen levels could affect the availability of 
cofactors such as UDPGA for foreign compound metabolism. Walker (1977) 
has shown that cells prepared at different times of the day contain 
different levels of glycogen. This was not investigated in this study 
but all cell isolations were carried out between 9 - 1 2  am, so it was 
expected that the condition of the cells was kept fairly constant.
The highest yields of hepatoeytes were prepared from Wistar albino 
rats, ferrets and hamsters._ The lower yields obtained from the larger 
species could probably be attributed to the greater age of the animals.
The livers of older animals contain a higher percentage of support matrix 
and thus the cells are more difficult to isolate. The lack of success 
with most strains of mice is hard to explain. The size of the isolated 
cells was surprisingly large (twice the size of a rat .hepatocyte) and 
many of the cells were blebbing. It seemed that the integrity of the 
plasma membrane of these cells might be more structurally dependent upon
the support matrix since only the cells remaining in large aggregates 
excluded trypan blue. It appeared that this viability was lost when 
aggregaxes were dissociated. There have been two reports in which the 
authors claim to have successfully isolated mouse hepatoeytes (Crisp 
& Pogson, 1972; Pretlow & Williams, 1973) but in neither case were 
any biochemical functions of the intact cells investigated, apart from 
the exclusion of trypan blue which was claimed to be greater than 90/6 
in both reports, The preparation of hepatoeytes from BKTO mice was 
surprisingly more successful. These cells were shown to be capable of 
metabolising biphenyl. The degree of exclusion of trypan blue was found 
to be a quick and reliable assessment of. the viability of a cell preparation 
in comparison with the rate of incorporation of radiolabelled amino acids 
and the various metabolic activities investigated. The ability of the 
cells to survive in culture was also considered to give good evidence 
of cellular integrity. However, it is possible that the cells may have 
suffered damage which did not affect their attachment in culture, indeed 
some membrane changes maj^ be necessary for this to occur. Hamster 
hepatoeytes were somewhat anomalous in this respect. High yields of cells 
were obtained and,overall, the cells demonstrated the greatest degree of 
metabolic competence and yet the cells did not survive in culture. It 
must be concluded, therefore, that the lack of cell attachment in culture 
was caused by inappropriate culturing conditions rather than by the poor 
viability of the prepared hepatoeytes.
2.4.2. Biochemical Assessment of Freshly Isolated Hepatoeytes in Suspension
Various biochemical parameters were investigated in isolated hepato- 
cytes from those species in which a consistently high yield of viable cells 
was obtained. The principal species studied were the Wistar albino rat, 
dog, hamster and ferret, although some preliminary studies were carried
out in the guinea pig, BKTO mice and Gunn rat.
The intactness of the cell membrane was demonstrated by the 
ability of the cells to exclude trypan blue for long periods (6 hours) 
and by the inability of exogenously-added NADPH to stimulate the 
cellular mixed function oxidase activity. Hepatoeytes prepared by 
chemical methods require exogenously-added NADPH for maximal activity 
(Henderson & Dewaide, 1969).
The hepatoeytes were capable of incorporating amino acids into 
cellular protein and the activity of ^-glutamyl transpeptidase 
remained at a level comparable to that of liver homogenate. Aromatic 
substrates were rapidly taken up by the hepatoeytes from each species 
as demonstrated by the rapid onset of metabolism. Metabolic products 
from benzo(a)pyrene and 7-ethoxycoumarinwere detectable after one 
minute’s incubation. Metabolism could continue for at least one hour, 
relying solely on the cofactors generated by the normal intracellular 
pathways. In most cases, the primary metabolites were extensively 
conjugated and released from the cells. The rates of metabolism determined 
by consecutive experiments were highly comparable both within the same 
species and between different species. In fact all the substrates were 
metabolised in an essentially similar manner to that reported in 
various in vivo studies. This will be discussed in more detail a little 
later. Therefore, it may be concluded that the cells prepared by the 
collagenase/hyaluronidase method have retained their cellular integrity 
to a high degree and are, therefore, highly representative of the 
corresponding hepatocyte population in vivo.
The cells were capable of performing a number of typical phase 1 
and phase 2 reactions. Aromatic (aryl hydrocarbon) hydroxylation,
O-deethylation and conjugation with glucuronic acid and sulphate are 
discussed here and'o more reactions will he discussed later. Other 
workers in this laboratory have used isolated rat hepatoeytes for the 
study of various compounds including imipramine (Fry, 1974), paracetamol 
and phenacetin (Gwynn, 1977/ and the effects of various metabolic 
inhibitors and inducers (v/iebkin, 1978). The ultrastructural integrity 
of the cells has been substantiated by Lowing (1977) using scanning 
electron microscopy.
Gerayesh-Nejad et al. (1975) studied biphenyl 4-hydroxylase activity 
in isolated rat hepatoeytes and reported a considerable decrease in 
activity after 20 minutes incubation, which was attributed to cofactor 
leakage or enzyme degradation* The level of biphenyl used in the study 
was 2.5hM  which is comparable to that used in microsomal studies* This 
level, however, has been shown to cause a marked drop in cell viability 
(as judged by trypan blue) which highlights a potential danger in 
microsomal studies as the grossly unphysiological levels of substrate 
employed, could poison the microsomal enzymes and thereby alter their - 
metabolic activity and are generally irrelevant to the situation in vivo.
The rates of biphenyl 4-hydroxylase measured in each species were
considerably lower than those reported for microsomal preparations. For
example, the microsomal activities of biphenyl 4-hydroxylase, reported
by McPherson et al. (1976), in rat, hamster and mouse when fortified with
optimal levels of NAPPED,* were 2.4, 2.7 and 1.9 n moles/min/mg microsomal
6
protein. There is approximately 0.3 mg microsomal protein per 10 cells.
In comparison the whole cell activities were 0.4, 0.53 and 0.3 n moles/min/mg 
microsomal protein for rat, hamster and mouse hepatoeytes respectively 
(calculated from Table 2.10). These lowered activities are probably caused 
by the various permeability barriers in the whole cell which affect the
uptake and intracellular passage of substrate to the reaction site 
and excretion of metabolites and also by the competing enzyme 
reactions and competitive endogenous substrates. Thus, the activities 
measured in the intact cells are probably more representative of the 
activities in vivo than those from microsomal studies.
Overall, the hamster hepatoeytes demonstrated the greatest degree 
of metabolic activity as the highest levels of bipheny 4-hydroxylase, 
O-deethylase and UDP-glueuronyl transferase were recorded in these cells. 
These findings are confirmed by various subcellular studies (McPherson 
et al., 1976; Litterst et al., 1975.; Chhabra et al., 1974). The 
s.ulphotransferase activity of the hamster cells was relatively low 
while benzo(a)pyrene hydroxylase was more than 2-fold less active 
than the corresponding level in rat and ferret cells (Table 2.12).
Chhabra et al. (1974) have reported 5-fold lower activities in the hamster 
relative to the rat, although the strain of rat was different in their 
studies (CDI strain). The formation of phenols from Vbenzo(a)pyrene is 
generally associated with a cytochrome P448 function (Rasmussen &  Wang,
1974; Lu et al., )197l)? whereas biphenyl 4-hydroxylase and 7-ethoxy- 
coumaran. O-deethylase are associated with both cytochrome P448 and P450 
(Burke & Mayer, 1975). Therefore, it could be that the species of 
terminal oxidase in untreated hamster cells is predominantly cytochrome 
P450. Hamster microsomes produce a relatively higher proportion of 
4,5-dihydrodiol from benzo(a)pyrene (Rasmussen & Wang, 1974) which is 
cyt P450-associated whilst, on the other hand, Burke & Mayer (1974) have 
observed a lower Km in hamster microsomes for ethoxyresorufin metabolism, 
a cyt P448-specific function. Thus, the lower activities of benzo(a)pyrene 
hydroxylase cannot be explained without a detailed study of the species of 
terminal cytochrome present in hamster liver and a consideration of the total 
fate of benzo(a)pyrene in the whole cell system (see Chapter 4).
The mixed function oxidase activity of .'the ferret hepatoeytes..was,, genera 11 
lover than rat. Biphenyl 4-hydroxylase activity in ferret microsomal 
preparations (loannides e_t_al., 1977 J Lake et al., 1976) was found to 
be approximately 50^ of that reported in rats by McPherson et al., (1976).
The activity of biphenyl 2-hydroxylase is age-dependent in the
rat (Basu et al., 1971/ and decreases with increasing age of the animal
but the activity in the hamster (Creaven et al., 1965) and ferret
(loannides et a 1. , 1977 is supposedly not so markedly reduced in older
animals. The levels of 2-hydroxybiphenyl in the ferret hepatoeytes,
however, were too low to be quantitated, perhaps because the animals
were comparatively older than the rats and hamsters used. One study^
in a younger ferretjshowed levels of biphenyl 2-hydroxylase over 10
minutes incubation that were comparable to rat, but thereafter the rate
declined. The 2-hydroxybiphenyl was conjugated solely with sulphate,
as opposed to with glucuronic acid in the rat. In both species, the 
%
metabolite appeared to be metabolised by routes other than conjugation 
(Fig. 2.6) but these further metabolites were not investigated. The 
further oxidative metabolism of 2-hydroxybiphenyl was not so apparent 
in hamster hepatoeytes as most of this metabolite continued to be 
conjugated with glucuronic acid (and possibly sulphate), Fig. 2.5.
Further metabolites of 2-hydroxybiphenyl have been detected in hamster 
microsomes, however (Burke & Bridges, 1975).
Hamster hepatoeytes rapidly conjugated all the metabolites with 
glucuronic acid whereas the glucuronidating activity of ferret 
hepatoeytes was generally low. In the conjugation of 4-methylumbellif— 
erone and benzo(a)pyrene phenols, the ferret hepatoeytes exhibited higher 
sulphotransferase activities than the hamster. The situation for the 
rat again lay somewhere between hamster and ferret. This distribution
of UDP-glucuronyl transferase mirrors that reported in several other 
in vitro studies (Litterst et al., 1975 • Lake et al., 1973; loannides 
et al., 1977; Aitio, 1973). Capel et al. (1972) investigated the fate 
of phenol in various species in vivo. In the rat, the phenol was 
rapidly conjugated with sulphate and glucuronic acid (54$ and 42$ of 
urinary metabolites) and thereby excreted. A  very small amount (3$) 
of the phenol was further oxidised to quinol before conjugation and 
excretion. In the hamster, the proportion of phenol sulphate excreted 
was much less (27$) but the proportion of glueuronide was marginally 
greater (44$). However, 29$ of the dose was oxidised to quinol and 
excreted exclusively as the glucuronic acid conjugate. This is 
probably a consequence of both the higher phase 1 activity of the hamster 
and the relatively low sulphotransferase activity. In the ferret, the 
conjugation pattern of phenol mirrored that in the hamster, but 30$ 
of the dose was metabolised to quinol and excreted exclusively as the 
sulphate conjugate. These results add further support to the general 
trends suggested by the hepatocyte studies.
The relative proportion of sulphate and glucuronic acid conjugates 
is also substrate concentration-dependent (Parke &  Williams, 1953;
Moldeus et al., 1976). At low concentrations of many substrates, the 
major conjugate formed is the sulphate. Thus, in the studies with rat 
hepatoeytes, the level of biphenyl was relatively low (70 pbi), the major 
product, 4-hydroxybiphenyl, was conjugated predominantly with sulphate.
In in vivo studies, where the dose of biphenyl was much greater, the 
major conjugate was the glueuronide (Raig & Ammon, 1970). Similarly in 
the studies in ferret hepatoeytes, umbelliferone formed at low levels 
from 7-ethoxycoumarm was conjugated predominantly with sulphate, whereas 
the high dose of 4-methylumbellif erone was conjugated with glucuronic 
acid predominantly. The preferential conjugation with sulphate at low
doses of substrate,suggests that there is no tight coupling between 
the mixed function.oxidases and glucuronyl transferase in the 
endoplasmic reticulum. The concept of a coupled system had been 
proposed by von Bahr and Bertilsson, (1971). The sulphotransferases, 
though cytoplasmic enzymes, are probably more accessible to the 
phase 1 products of the mixed function oxidase, which is located on 
the surface of the endoplasmic reticulum, than are the membrane-bound 
UDP-glucuronyl transferases, which may be 'buried* deep within the 
endoplasmic reticulum. The relative affinities of the two phase 2 
systems probably varies between species and hence the ratio of 
glueuronide to sulphate conjugates formed will vary (Table 210).
Further evidence of the lack of tight coupling is shown by the large 
amounts of free metabolites measured in the cells during the first 
5 - 1 0  minutes incubation, suggesting that the two systems, oxidation 
and conjugation, function independently*
The lag phase of 5 - 1 0  minutes in the onset of glucuronidation was 
observed with each substrate^in all species. There are several possible 
explanations for this phenomenon. The trauma of the cell isolation 
procedure could have depleted the intracellular glycogen stores (Wagle 
& Ingebretsen, 1974) and hence, temporarily reduced the availability 
of IJDPGAo However, i )in the conjugation of 4-methylumbellif erone, the 
lag phase was considerably less than that measured for other substrates 
in the same cell preparation and the phenomenon has also* been observed 
in liver slices (wiebkin, personal communication). A  threshold 
concentration of the phase 1 metabolite may be necessary to "activate" 
the UDP-glucuronyl transferase, the latency of this enzyme system has 
been reported by several workers (Graham & Wood, 1972; Winsnes, 19&9)* 
Hence the higher concentration of 4-methylumbelliferone could activate 
the enzyme more rapidly. Alternatively saturation of the sulphotransferase 
may need to occur before conjugation with glucuronic acid can occur
at an appreciable rate*
It can be concluded from the above studies that large numbers 
of viable, functional hepatoeytes can be isolated, relatively 
quickly and economically, from a variety of species by the collagenase/ 
hyaluronidase procedure* The preparations are very reproducible and 
therefore are technically suitable for many routine applications. In 
particular, the retention of normal liver functions, the capacity to 
metabolise substrates to a metabolite profile comparable to that 
observed in vivo and the extended viability over microsomes and liver 
slices, makes the isolated hepatocyte system very useful as a "halfway 
house" between the in vivo and in vitro systems for the study of various 
aspects of foreign compound metabolism including species differences*
2.4.3. Isolated Hepatoeytes in Primary Monolayer Culture
The successful maintenance of isolated hepatoeytes in culture 
appeared to depend particularly upon two factors, namely the initial 
viability of the isolated cells and the conditions of culture* In 
general, monolayer cultures could be established from those hepatoeytes 
isolated with the highest yields of viable cells. When apparently 
viable cells did not attach to a culture surface or became detached 
after 2 - 3  days, it was difficult to know whether the fault lay in the 
nature and/or the condition of the cells, or in the culturing conditions.
The morphology of the cultured cells from each species was essentially 
similar although cell sizes varied. Two cell types were observed by 
light microscopy, namely the epitheloid and the fibroblast* The epithelial 
cells were presumed to be parenchymal in origin (i.e. hepatoeytes) on the 
basis of their morphological appearance and ability to perform various
liver-specific functions, whereas the fibroblasts were derived from-, 
the fibrous support matrix of the liver.
The epithelial morphology of the hepatocytes resembled closely 
the appearance of normal hepatocytes in vivo and the description of 
cultured hepatocytes by other workers. (lype, 1971; Alexander &
Grisham, 1970; Chapman et al., 1973; Pariza et alM  1975; Alwen- 
& Lawn, 1974; Bonney et al., 1974). Although detailed ultra structural 
studies are not reported here, the integrity of the cells has been 
verified in an electron microscopy study by Lowing (1977) -in our 
laboratory. This morphology was true of the cells maintained on 
polystyrene or collagen-coated surfaces. Cells attached to glass or 
polycarbonate surfaces, however, remained rounded; whereas cells on 
poly-l-lysine-coated surfaces, tended to overspread and look generally 
unhealthy. Therefore, these latter culture surfaces were not used.
Many cells failed to attach to the polystyrene or collagen surfaces 
or were attached rather loosely and consequently removed when the cell 
sheet was washed at 24 hours. Although the greater majority of cells 
excluded trypan blue after isolation, other forms of damage may have 
been incurred which thus affected the cells* survival in culture. The 
competition for culturing space and nutrients or attack from hydrolytic 
enzymes released from the nonviable cells probably also contributed to 
this cell loss. The decline in epithelial cell numbers over the next 
2 - 6 days in culture was not so great but nevertheless apparent. 
Stranglation by the dividing fibroblast population was originally thought 
to be responsible for this. When the growth of fibroblasts was suppressed, 
however, by the inclusion of 5-hydroxyurea in the culture medium, the 
life of the hepatocytes was not extended. Other works have recommended 
sodium ethylraercurithiosalicylate as an inhibitor of fibroblast replication* 
(Braater et al„, 1974) this was not tried in the present study. Dexameth-
asone is reported to enhance the longevity of hepatocyes in culture 
(Laishes & Williams, 1976) hut had no effect in the present study.
Since these extra agents could potentially interfere with the normal 
functions of the hepatocytes in an unpredictable manner, it was 
considered inadvisable to include them routinely in the culture 
medium. Ilepatocyte cultures have been established from regenerated 
liver following a partial hepatectomy (Bonney et al., 1974; Bissell 
et al., 1973). In this situation, the proportion of collagenous material 
in the liver is very low and consequently there is no fibroblast 
contamination of the isolated hepatocytes. However, a loss of liver- 
specific functions is reported after 3 days (Bonney &  Maley, 1975;
Junge et al., 1975) and after 6 - 8  days there was a considerable 
decline in numbers of attached cells (Bonney, 1974; Alwen &  Lawn,
1974). The decline in the viability of the hepatocytes may be caused 
by adverse culture conditions. Michalopoulos & Pitot (1975) have 
maintained hepatocyes for considerably longer periods on floating *' 
collagen membranes. Guzelian et al.. ,(1977) have suggested supplementing 
the media with specific metabolic factors such as adenine, ascorbic acid 
etc. These reports look very promising and warrant further study.
However, it is not satisfactory to designate the cultured liver 
cells as normal hepatocytes purely on the basis of their morphological 
appearance, the conservation of the liver-specific biochemical parameters 
must also be demonstrated.
The cells were essentially non-dividing. The mitotic index 1 f0^
was comparable to that of hepatocytes in vivo. The cells were 
successfully maintained in an arginine-free medium and synthesised urea. 
In mammals, the capacity to synthesise urea is only found in the liver 
brain and kidney. The production and secretion of albumin by the cells
was demonstrated immunologieally. The decline in the rate of amino 
acid incorporation at day 3, does not necessarily suggest some 
impairment of the cellular mechanisms for protein synthesis since 
the extent of loss of radiolabelled amino acids as either proteins 
for export (e.g. albumin) or through the natural cellular processes 
of protein degradation were not considered. Carbohydrate metabolism 
appeared to be normal in the cells. The cells were successfully 
maintained in a medium in which glucose was replaced by galactose. 
Glycogen storage and responsiveness to insulin and glucagon was also 
demonstrated. The level of stored glycogen increased by 25$ during 
the first 2 daj's in culture and the rate of protein synthesis also 
increased during this period. It is, therefore, likely that the cells 
were recovering from the stress and possible damage incurred during 
the isolation procedure and that after the first 24 hours in culture, 
the functional properties of the cells have improved.
The cellular response to insulin and glucagon indicates that the 
hormonal receptor sites have been conserved. It has been suggested 
that foetal calf serum is necessary for the full expression of the 
hormonal effects of insulin (Geelen &  Gibson, 1975), the response of 
our cultured hepatocytes to insulin in the absence of serum has not yet 
been investigated. Glucokinase activity is reported to be rapidly lost 
in cultured hepatocytes (Bonney et a1., 1976; Pariza et al ., 1975) but 
the activity in our rat hepatocytes did not decline significantly between 
day 1 and day 3 in culture. The presence of various other enzymes has 
been demonstrated histochemically but the methods have not yet been fully 
validated for comparison with in vivo data.
It may be concluded from these studies that the cultured hepatocyes 
retain all the characteristics of the cells in vivo, at least during the
first 3 days in culture. Thus, they are suitable for a wide range 
of studies. NADPH-diaphorase (yedoctaSe,) is thought to be representative 
of the cyt & reductase system and its activity was fairly stable during 
the first 3 days in culture and could be induced by benzo(a)pyrene. 
7-ethoxy coumadin metabolism has been studied in these cells (Fry, 
personal communication) and the mixed function oxidase activity was 
inducible by both phenobarbitone and benzanthracene (the induction 
effects were additive). The metabolism of benzo(a)pyrene by the cells 
is described in Chapter
Therefore the cultured hepatocyes may prove a useful system for 
longer rterm studies of foreign compound metabolism and in particular, 
the relationship between metabolism and hepatotoxicity.
CHAPTER 3
CHAPTER 3
THE ISOLATION OF KIDNEY TUBULE FRAGMENTS AND THEIR APPLICATION TO 
THE INVESTIGATION OF SPECIES AMD TISSUE DIFFERENCES IN THE METABOLISM 
OF BENZOIC ACID.
3.1. INTRODUCTION
3.1.1* Isolation of intact kidney cells
Although the liver is quantitatively the most important organ 
engaged in the metabolism of foreign compounds, other extrahepatic 
tissues have also been shown to exhibit some ability and their 
significance, as part of the body’s defence system, needs to be 
investigated. These activities could lead either to detoxication or 
to the formation of reactive intermediates responsible for localised 
toxic or carcinogenic effects.
*
During the past twenty years, a variety of methods have been
developed for the disruption of kidney tissue into suspensions of
viable cells. These methods which have been reviewed by Dawson (1972)
have followed closely the development of methods for the isolation of
liver cells (Chapter 2). Mechanical and chemical methods have proved
to be largely unsuccessful and have now been superseded by the use of
collagenase and hyaluronidase (Burg & Orloff, 1962; Thimmappayya et al.,
1970; Ahn & Strausser, 1971). A  non-perfusion method was described by
Dawson (1972) whereby kidney slices were incubated in a mixture of
collagenase and hyaluronidase and short fragments of rat kidney tubules
2+
were ^obtained. No attempt was made to remove Ca ions prior to digestion. 
The cells respired actively for several hours and synthesised glucose 
from lactate at a high rate.
Preparations of isolated kidney tubule fragments have been 
widely used in the study of renal intermediary metabolism 
(reviewed by Tager, Soling & Williamson, 1976) but such preparations 
have not been used in an assessment of the renal capacity for foreign 
compound metabolism. •
3.1.2, Foreign Compound Metabolism in the Kidney
The ability of the kidney to metabolise foreign compounds has 
generally been studied in organ slices, homogenates or subcellular 
fractions. The levels of both phase 1 and 2 metabolism are 
significantly lower than those observed in the liver. Levels of 
phase 1 metabolism vary from 3 - 15^ depending upon both the assay 
used and the laboratory of study (Litterst et aL, 1975 ? Chhabra & 
Fouts,; 1974; Uehleke, 1969). Various enzyme activities have been 
studied including benzo(a)pyrene hydroxylase (Wattenberg &  Leong, I962), 
aniline hydroxylase, coumarin 3-hydroxylase, aminopyrine-demethylase, 
hexobarbital oxidase (Feuer et al., 1971) nitro-reductase (Gillette, 1963) 
and the metabolism of chlorpromazine (Hinder et a L, 197l)- Biphenyl 
4-hydroxylase,but not bipheny 1-2-hydroxylase , has also been detected 
(Lake et al., 1973).
The mixed function oxidase activity is induced by polycyclic 
aromatics but not by phenobarbitone. Benzo(a)pyrene induced a 
cytochrome with spectral properties markedly different from those of 
normal P450 (jakobsson et al., 1973? Grundin et al., 1973). The level of 
the terminal cytochrome in the kidnej^s is approximately 20^ of that 
found in the liver (jakobsson & Cinti, 1973; Kato, 1966; Litterst et al., 
1975 ) which is greater than expected from the renal capacity to 
metabolise foreign compounds. Therefore, the primary role of the renal 
system may be in the metabolism of certain endogenous substrates.
Ellin and Orrenius (1975) have suggested that the kidney cortex 
plays an important role in the.hydroxylation of fatty acids such as 
lauric or capric acid. Steroid hormones e.g. testosterone, do not 
interact with the cytochrome P450 (Orrenius et al., 1973).
Although the phasel activity is low with regard to foreign 
compound metabolism, reactive intermediates may be produced at 
a level sufficient to induce a state of toxicity. Weekes (1975) 
investigated the ability of four mouse strains to generate mutagenic 
metabolites from dimethylnitrosamine in kidney microsomes. The 
findings correlated well with the strain susceptibilities to tumour 
formation in the kidney.
The activity of the phase 2 conjugation systems is generally 
greater than the phase 1 systems. Levels of glucuronyltransferase 
are approximately 30^ of those measured in liver (Zhikov, 1970). All 
the principal routes of conjugation are measurable in the kidney cortex 
(Testa & Jenner, 1976, p. 423) although their physiological role is 
again not clear. Bilirubin can be conjugated with glucuronic acid in 
the kidney (Foliot et al., 1975) and oestradiol and some bile acids are 
conjugated with sulphate (Mellor & Hopkirk, 1975; SummerfieId et aL, 1976). 
These systems may also be important, however, in the detoxication of 
foreign compounds.
3.1.3. Metabolism of Benzoic Acid.
The major metabolites of benzoic acid formed in mammals are 
hippuric acid (benzoyl glycine) and benzoylglucuronide, but in reptiles 
and birds, conjugation with ornithine also occurs. There is no evidence 
of decarboxylation nor sulphate conjugation (Bray et al., 1946) except
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in the rat and guinea pig where trace amounts of the 2-,3- and 4- 
hydroxybenzoic acids are formed and it has been suggested that these 
metabolites may be conjugated with sulphate, (Sato et al., 1956).
The principal pathways of benzoic acid metabolism are outlined in
Fig. 3.1.
The fate of benzoic acid has been studied in various species 
(Bridges et al, 1970). When benzoic acid is administered orally at 
50 mg Kg  ^ to omnivores or herbivores, it is excreted almost entirely 
as hippuric acid (90 - 100$) with only trace amounts of benzoylglucuronide. 
The species studied included the rat, hamster, monkey, rabbit and man.
In contrast, carnivorous species, such as the dog and ferret, excreted 
significant amounts of benzoylglucuronide 20$) and some free 
benzoic acid 10$), the remainder being hippuric acid. An exception
to this pattern is the cat which has a defective glucuronic acid 
conjugation mechanism (Robinson & Williams, 1958) and therefore cannot 
form benzoylglucuronide. Thus,the conjugation of benzoic acid is 
subject to species variations. The relative amount of benzoylglucuronide 
and hippuric acid formed by an animal is .dependent upon several factors:
1) the administered dose of benzoic acid (Bridges et al., 1970),
2) the rate of glycine metabolism (Quick, 1931; Bray et al., 1946) 
and the availability of free glycine (Bray et al, 1946; Arnstein & 
Neuberger, 1951; Hainline & Lewis, 1953). For example, when benzoic 
acid is given orally at 50 mg Kg  ^ to the ferret, 20$ is excreted as 
benzoylglucuronide. At 200 mg Kg  ^ dose, equal amounts of benzoyl­
glucuronide and hippuric acid are formed whereas at 400 mg Kg \  50$ 
benzoylglucuronide and 30$ hippuric acid are formed, Le. glucuronic 
acid conjugation predominates (Bridges et al., 1970). It has been 
suggested that the rate of hippuric acid synthesis is independent of 
the dose of benzoic acid except at doses less than 25 mg Kg "^whereas
the rate of glucuronic acid conjugation is dose dependent (Bray 
et al., 1951).
When exogenous glycine is fed to an animal the rate of glycine 
mobilisation increases (Hainline & Lewis, 1953). Only free glycine 
is utilised in the formation of hippuric acid and any precursors 
are converted to glycine prior to use. It is suggested that two 
"pools" of glycine exist in mammals (Arnstein &  Neuberger, 1951).
The "first pool", estimated at 10 mg lOQg  ^body weight for the rat, 
is immediately available for conjugation with benzoic acid. This 
"pool" is in equilibrium with a larger "pool" of glycine or glycine 
precursors which is utilised when large doses of benzoic acid are 
administered. The second "pool" may be more intrinsically involved 
with endogenous functions such as the synthesis of haem. Thus the 
relative amount of hippuric acid synthesis in a particular species is 
dependent upon the rate of glycine mobilisation. At low doses of 
benzoic acid, all species tend to excrete hippuric acid as the major 
conjugate. At higher doses, species with a high rate of glycine 
mobilisation continue to excrete predominantly hippuric acid whereas 
species with a slower rate of glycine mobilisation excrete more 
benzoylglucuronideo In the latter species, the glycine pathway becomes 
limiting and therefore the relative proportion of glucuronic acid 
conjugation is increased.
The tissue distribution of benzoic acid metabolism has been . 
investigated using tissue slices and homogenates (lrjala j 1972;
Quick, 1932). Metabolism can occur in the liver, kidneys and small 
intestine, other tissues have not been studied. In the dog, glycine 
conjugation was found in the kidneys only (Quick, 1932; Snapper et al>, 
1923; Borsook & Dubnoff, 19^0). More recently, however, trace
activity has been detected in the liver (irjala, 1972) but its 
contribution in vivo is insignificant.
The rate of hippuric acid synthesis has been investigated in 
liver and kidney slices from a number of species (irjala, 1972). The 
rate of synthesis in the livers and kidneys of the rat and guinea 
pig was very similar, whilst in the dog and cat, hippuric acid 
synthesis occurred maximally in the kidney. When tissue homogenates 
were used, rat and guinea pig liver showed appreciably higher glycine 
conjugating activity compared to kidney. In dog and cat tissue 
homogenates,the major site of activity was again the kidney (irjala, 
I972). This discrepancy in the results from slices and homogenates 
illustrates the difficulties involved in investigations using 
relatively crude biological preparations. Kinetic studies in tissue 
slices are often subject to error as the concentration of substrate 
between the inner and outer areas of the slices may not be identical. 
Tissue homogenates can also give misleading results owing to the loss 
of compartmentalism and intracellular control mechanisms. The 
problems associated with these systems were discussed more fully in 
Chapter 1.
However, it remains evident that the fractional metabolism of 
benzoic acid by the live'r and kidney may be extremely important in 
determining the relative amounts of hippuric acid and benzoyl­
glucuronide excreted. Wa n and Rigelman (1972) have suggested that 
the enzyme responsible for glycine conjugation in the kidney is 
different from that found in liver although their kinetic results t 
showed considerable individual variation and the dose of benzoic 
acid and glycine availability was not considered.
3.1.4. Aims
It was decided to investigate the applicability of the 
eollagenase/hyaluronidase cell isolation procedure to the isolation 
of kidney cells from a selection of species, namely the rat (Wistar 
albino), hamster, ferret and dog and to determine the phase 1 and 
phase 2 metabolic activity of the isolated cells using benzo(a) 
pyrene as the substrate.
The isolated hepatocytes and kidney tubule fragments were 
considered to be a good system for the study of the species difference 
in the metabolism of benzoic acid. .
3.2. MATERIALS AND METHODS
3.2.1. Materials
[Ring-U-^ *C ]-benzoie acid (sp act. 36.3 mCi m mole va s obtained 
from the Radiochemical Centre, (Amersham). The radiochemical 
purity was checked by thin-layer chromatography (j. Kao, 1977) 
and vas found to h e ^ > 9 8$ pure; it was used without further 
purification. Benzoic and hippuric acids (Analar grade) were 
obtained from BDH Ltd., and benzoylglucuronide was prepared by 
J. Kao from the excreta of a turkey dosed with benzoic acid 
(Baldwin et_jrL, i960). The sources of other materials and the 
animals used in this study are given in the appendix.
3.2.2. Cell Isolation Procedures
3.2.2. 1. Hepatocytes were isolated according to the procedure described 
in Chapter 2 and were diluted in L-15 culture medium containing 10$ 
foetal calf serum and 10$ tryptose broth, to a concentration of
5 2 10^ viable hepatocytes ml  ^ for the benzoic acid experiments
6 1 
and to 2 x 10 viable hepatocytes ml for the benzo(a)pyrene
hydroxylase assay. Protein was determined as described below.
3.2.2.2. Kidney tubule fragments. The*kidneys were rapidly excised and
the surrounding fatty tissue cut away. Then the kidneys were washed 
in PfrS’A' and halved longitudinally. The medulla was carefully cut 
away and discarded. The cortex was then thinly sliced using a heavy 
duty blade (see appendix) and the slices distributed in approximately 
3g portions into 250 ml conical flasks. The slices were washed in 
PBS’A* and EGTA-containing PBS’AV and then digested with a mixture of 
collagenase (0.05$) and hyaluronidase (0.1$) in Hanks BSS for 60 mine 
at 37°o After filtration of the isolated tubules through Bolting cloth,
the remaining undigested slices were disrupted by repeated pipetting 
and the suspension filtered through the Bolting cloth. The total 
preparation was washed as described for liver cells and finally 
suspended in culture medium (as above). Each pair of kidneys was 
suspended in either 5 mis culture medium for the benzoic acid 
experiments or 10 mis culture medium for the benzo(a)pyrene 
experiments. In each case a small aliquot was removed and the cells 
disrupted in Triton X-100 (l$ v/v) and digested in 0.5M NaOH. The 
protein was determined according to the method of Lowry et al, (1951).
3.2.3. Assays
3.2.5.1.Benzo(a)pyrene Hydroxylase. Cells (l ml samples) were incubated 
with benzo(a)pyrene (final cone , 80 p  M) for up to 2 hours and the 
free 3-hydroxybenzo(a)pyrene extracted and determined fluorimetrically 
as described in Chapter 2. The conjugated 3-hydroxy metabolites in 
the aqueous incubate were hydrolysed enzymically (as Chapter 2) and 
the released phenol determined as described before.
3.2.3.2. Conjugation of Benzoic Acid. Incubations were performed with the 
cell preparations (5 ml) and [^cj-benzoic acid (5 - 10 pCi, 100 p  M 
final cone ) in 50 ml conical flasks at 37°C in a shaking water bath. 
Samples (100 pi of the incubates were withdrawn at 5 minute intervals 
during one hour and mixed with ice-cold acetone (20 pi) ln microfuge 
tubes to stop the reaction. Acetone was shown to cause an immediate 
loss of cell viability (as judged by trypan blue uptake). The 
mixtures were centrifuged to precipitate denatured protein and samples 
(20 - 40 pi) of the supernatant were analysed by thin-layer chromato­
graphy and autoradiography. Thin-layer chromatographic separations 
were performed on silica gel 60 (0.2 mm thickness) precoated aluminium 
plates (Merck) in a solvent system containing butanol: glacial acetic
acid: water (4:1:1 v/v). EF values of benzoic acid and its
metabolites are given in Table 3.1.
Table 3.1.
EF values of Benzoic Acid and its metabolites in 
the solvent system: butanol : glacial acetic acid : water (4:1:1 v/v)
Benzoic Acid 
Hippuric Acid 
Benzoylglucuronide
EF value 
0.90 -  0.96 
0.70 - 0.73 
0.35 - 0.42
Autoradiography of the radiochromatograms was performed on Kodak 
"Blue brand" medical X-ray film for 5 — 10 days. The films were 
developed in Kodak universal developer and fixed using "Kodafix" as 
recommended by the manufacturer. The dark areas of the auto­
radiograms corresponded to the benzoic acid, hippuric acid and 
benzoylglucuronide spots on the chromatogram. These areas were cut 
out, placed in plastic scintillation vials and scintillant added 
(0 .02$ w/v l,4-bis-2-(4-methyl-5-phenyl-oxazoyl-)benzene, 0.5$ w/v 
2,5 diphenyloxazole, 33$ v/v 'Synperonic* (iCI Ltd., Teeside) in 
sulphur-free toluene. The radioactivity was determined in an T.KR \fallac 121 
scintillation counter. Counting efficiences were determined by 
internal standardisation of a randomly selected range of samples.
The radioactivity associated with each area of the chromatogram was 
expressed as a percentage of the total radioactivity on the 
chromatogram and from this, the amount of each compound was calculated.
3.3. RESULTS
3-3.1. Morphological Characteristics of Isolated Kidney Tubule
Fragments.
The kidney cell preparations contained predominantly multicellular 
tubular structures, some single cells and cellular aggregates were 
also present (Fig.3.6). The average viability of the preparations 
as judged by trypan blue exclusion tests was 90$. During the course 
of the incubations, in the presence of benzoic acid or benzo(a)pyrene, 
the viability remained constant. The viability of the isolated 
hepatocyte preparations was generally greater than 80$ and did not 
decrease in the presence of benzoic acid or benzo(a)pyrene.
3*3.2. Benzo(a)pyrene Hydroxylase Activity
The activity of benzo(a)pyrene hydroxylase was measured in liver
and kidney cell preparations from the rat and the ferret. The liver
activity has already been described in Chapter 2. In kidney cells, the
level of benzo(a)pyrene hydroxylase activity was less than 1$ of that
observed in the hepatocytes prepared from the : same species (Table 3.2).
Approximately 50$ of the 3-hydroxybenzo(a)pyrene formed by the kidney
cells was conjugated with glucuroni.^;acid. There was no apparent sulphate
conjugation. Levels of metabolism were too low for any clear
distinction between the metabolic competence of rat and ferret kidney
cells, with respect to benzo(a)pyrene metabolism, to be observed. The
data from-(his studied is presented in Table 3.2. in comparison with
data obtained in parallel for biphenyl 4-hydroxylase activity and
C O iy u -C G .s e  txcfc»Vi^ 9 '
4-methylumbelliferoneA(j.R. Fry, personal communication).
Isolated Renal Tubule Fragments
(Magnification X 100)
Table 3.2
Maximal Rates of Enzymic Reactions in Isolated Rat Liver and Kidney 
Cell Suspensions.
Maximal rate of reaction
Reac lion
(p mole pr 
Liver
1
oduct/mg
2
cell protein/min)
Kidney 
1 2
Benzo(a)pyrene 3-Hydroxylase 9.0 12.0 A <  Vp
+Biphenyl 4-Hydroxylase 59.0 . - < 2  <jo -
+4-Methyl ( as Giucuronide 
Umbelliferone (
289 - 120 (42fo ) -
Conjugation ( a s  Sulphate 187 - 33 (18fo ) -
Benzoic Acid  ^ as Giucuronide 50 25 3o0 3.0 (8^)
Conjugation \ as Glycine 450 480 210 310 (56$)
Figures in parentheses represent mean activity in kidney as a 
percentage of the mean liver activity.
+ Data reproduced with kind permission of Dr. J.R„ Fry.
3.3.3. Metabolism of Benzoic Acid.
The metabolism of benzoic acid was studied in liver and kidney 
cell preparations from the rat, hamster, dog and ferret. For each 
species, metabolism of benzoic was shown to occur in both liver and 
kidney cells. Representative autoradiograms of the studies in rat are 
shown in Figures 3.2 and 3.3.
In the rat and hamster (omnivores), the principal metabolite 
formed in both liver and kidney cells was hippuric acid. The rates 
of hippuric acid synthesis in rat liver cells and kidney cells were 
480 and 250 p mole mg protein  ^min  ^ respectively (Table 3.3).
Hence liver cells possess approximately twice as much glycine
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conjugating ability. In the hamster, liver and kidney cells 
showed very similar rates of glycine conjugation, 510 and 550 p 
mole ring protein 1 min  ^ respectively. Benzoylglucuronide was 
formed in liver and kidney of both species but only in trace amounts.
In liver, approximately 5 of the benzoic acid was converted to the 
giucuronide and 1 - 2'jc in the kidney. The time courses of the 
production of hippuric acid and benzoylglucuronide in the different 
species are presented in Figs. 3.4 and 3.5. The autoradiograms from 
rat kidney cells also showed the presence of two extra radioactive 
spots and those from hamster liver cells showed three extra spots.
In both cases these spots accounted for 2-3% of the benzoic acid added. 
The nature of these spots was not investigated further but their 
chromatographic behaviour suggests they could be hydroxybenzoic acids 
and their conjugates.
The levels of benzoic acid metabolism in the liver of the 
carnivores was much lower than in the omnivores (Fig. 3.k) only 5^ 
of the benzoic acid was metabolised by dog liver in one hour. The 
formation of hippuric acid occurred principally in the kidneys of 
both the dog and ferret. The mean rate of synthesis was 760 and 
260 p mole, mg protein  ^min  ^ in the dog and ferret kidneys 
respectively. (Table 3.3). Although hippuric acid was synthesised in 
the liver cell preparations, the levels were not significant enough 
to permit accurate determination of rates of synthesis. In the 
ferret liver cells, hippuric acid accounted for less than 0 .5$ of the 
final metabolites present at the end of a 60 min incubation, in dog, 
this figure was approximately lfo.
Benzoylglucuronide vas formed in trace amounts in the liver and 
kidneys of both species. Levels in the kidneys of both species and also
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Figure 3-5* Metabolism of Benzoic Acid by Hepatocytes from various 
species
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Table 3 »4
Kinetic Constants for the Formation of Hippuric Acid and 
Benzovlglucuronide in Isolated Ilepatocytes from Rat and
Ferre t *
Formation of Hippuric Acid . Formation of Benzoylglucuronide
Km Vmax Km [ Vmax
(M) (n gules product/ (M) !(n moles product/
10 cells/min.) I 10° cells/min.)
Ra i 3.9 x lo-5 •0.5
i
- !
2.5 x 10 D i 1.0 •
Ferret NM NM
I
-4 1
4.8 x 10 1 0.1
1
[KM - not measurable - below detection limits of assay used]
Table 3.5
Relative Proportion of Hippuric Acid and Benzovlglucuronide 
Formed in Rat and Ferret Hepatocytes with Increasing cones. 
Benzoic acid.
Rat Ferret
Benzoic Acid 
pM
Hippuric Acid 
Acid
Benzoylglucuronide Hippuric
Acid
Benzoylglucuroni
50 94.3 5.7 11.5 88.5
100 88.2 11.8 15.2 84.8
200 88.0 12.0
• •
6.8 93.2
400 74.9 25.1
■ '
9.3 90.7
500 73.6 26.4 8.8 91«5
Results are expressed as the percentage metabolite formed 
(excluding minor metabolites)
in ferret liver^did not exceed 2^ of the total metabolites formed 
but in the dog, the levels were slightly higher (3 - 4/). Nevertheless, 
in the hepatocytes, benzoylglucuronide was the principal metabolite 
formed, accounting for about 80 - 90^ of the total metabolism. 
Interestingly, the kidney cells of both species formed three minor 
metabolites with similar chromatographic properties to those observed 
in hamster liver cells. These spots accounted for approximately 2fo 
of the added radioactivity.
The effect of increased concentrations of benzoic acid on the 
relative proportions of metabolites formed by rat and ferret liver 
cells was investigated,, Benzoic acid at varying concentrations up 
to 500 p. M (final conc. ) vas shown to cause no decrease in cellular 
viability, as judged by dye exclusion tests, over a two hour 
incubation period, although actual metabolic experiments were only 
continued for 45 minutes. The rate of synthesis of hippuric acid 
and benzoylglucuronide increased linearly with increasing substrate 
concentration and this Was taken as further proof of the maintenance 
of cellular integrity. A kinetic analysis of the data was conducted 
and lira and Vmax constants calculated^except for the formation of 
hippuric acid synthesis in ferret liver which was too low (Table 3.4).
It must be remembered that these constants refer to the overall 
processes involved and are influenced by other factors such as glycine 
availability and the competing reactions. The relative amount of 
benzoylglucuronide, formed by rat liver cells, increased with higher 
concentrations of substrate, i.e. from 6fo at 50 p. M  benzoic acid to 
26f0 at 500 Jill (Table 3.5). In ferret liver cells, the converse 
appeared to occur and the proportion of benzoylglucuronide formed was 
slightly less when high concentrations of benzoic acid was used. In 
both species, however, a lag phase in the onset of glucuronidation
was observed, as described in Chapter 2. There was no delay in the 
synthesis of hippuric acid.
3.4. DISCUSSION
High yields of kidney cells were isolated as tubular fragments 
from the rat, hamster, dog and ferret, following digestion of the 
organ slices with collagenase and hyaiuronidase. The viabilities 
of the cell preparations were consistently good as judged by their 
ability to exclude trypan blue.
A preliminary study of the foreign compound metabolising 
capacity of isolated rat kidney cells suggested that the kidney 
cells were relatively poor at phase 1 metabolism but were more 
competent at phase 2 metabolism. This was illustrated by the low 
metabolism of benzo(a)pyrene.c-i Levels of phenols did not exceed Vfo 
of the amount formed in isolated liver cells from the same animals. 
Consequently, no significant levels of the conjugated phenols were 
detected either. Hydroxylation of biphenyl was also very low in 
the intact ceils, although more appreciable levels of O-deethylase 
activity have been measured in these preparations (Fry, personal 
communication). Where there was no prequisite for phase 1 metabolism, 
however, the phase 2 reactions occurred at a significant rate, thus 
suggesting that the action of the phase 2 systems was not dependent 
upon the prior activity of the phase 1 systems. 4-kb thy lumbel life rone 
was extensively conjugated with both glucuronic acid and sulphate in 
rat kidney cells and benzoic acid was conjugated with glycine and to 
a lesser extent with glucuronic acid (Table 3.2.).
The very low levels of phase 1 metabolism in the kidneys as 
compared with the liver, have been observed by several other workers 
(Litterst et al, 1975 5 Irjala, 1972; Kato, 1966; Wattenberg &  Leon^, 
1965? Aitio, 1973), using tissue homogenates or slices.
The levels of phase 1 metabolism in kidney microsomal preparations 
(Litterst et al, 1975 ; Chhabra & Fouts, 1974) are considerably 
higher than those reported here for intact cells. Both biphenyl 
hydroxylase and benzo(a)pyrene hydroxylase levels were significantly 
higher in the microsomal preparations. These differences are 
probably caused by the artificial conditions of the microsomal 
preparations since disruption of the cell membrane and endoplasmic 
reticulum leads to a loss of control over substrate permeability 
and charges in the enzyme environment, possibly resulting in altered 
enzyme specificity. Cofactors are also added in vast excess (see 
Chapter 1 for further discussion). Therefore, intact kidney cells 
probably represent a closer approximation to the in vivo situation.
The degree of activity detected for a particular metabolic 
route depends to a large extent on the substrate used. The low 
activity of kidney phase 1 metabolism cannot be interpreted simply 
as low levels of the drug metabolising enzymes, but must be 
considered relative to the substrate employed. Thus the true 
substrate for the kidney microsomal enzymes may be endogenous compounds 
such as lauric acid (Ellin and Orrenius, 1975) and the metabolic activity 
with respect to foreign compounds is only secondary. Levels of the 
components of the microsomal oxygenase system are considerably higher 
than would be expected from their associated foreign compound 
metabolising capacity. For example, Kato (1966) has found the level 
of cytochrome P450 in rat kidney to be 15$ of that measured in rat 
liver and yet the activities of aniline hydroxylase and aminopyrine 
N-demethylase are only 5$ and 7$ respectively of the activities in 
liver. This further supports the hypothesis that the physiological 
role of this system does not primarily involve foreign compound
metabolism. Although the phase 1 activities are lower than in 
liver, the type and range of metabolites produced in the kidney 
may be different. Therefore it would be better to investigate 
the total metabolic fate of a compound such as benzo(a)pyrene 
rather than only its expected major metabolites. Such differences 
would be important in cases of active metabolite-mediated toxicity.
The phase 2 conjugation reactions in kidney may play a more 
significant role in the body's defence system, as a second site for 
the conjugation of phase 1 metabolites generated by the liver or 
lung that have escaped conjugation in these tissues. The lower . 
levels of conjugating activity in kidney,relative to liver,may be 
caused by either the lower affinity of the enzymes, differences in 
the membrane permeabilities or in the availability of cofactors. 
Alternatively, the high levels of the enzymes may be localised 
within the kidney in certain cell types, but these are subsequently 
diluted when determined in the total cell mass.
As the situation in the isolated ceil can probably be assumed 
to resemble closely the in vivo situation of the intact organ, 
the relative importance of each metabolic pathway in the total 
cellular metabolism of a compound can be better assessed. For 
example, benzoic acid was metabolised principally in the kidneys and 
liver of the species studied via two pathways, namely conjugation 
with glycine or with glucuronic acid. In the ferret kidney, the 
principal pathway involved conjugation with glycine, whereas in 
the ferret liver, the formation of benzoylglucuronide was the major 
route (Table 3.3). These studies were carried out under conditions 
in which the extracellular glycine availability and the concentration
of benzoic acid could be carefully controlled. The results obtained 
also enabled the approximate relative contribution of both organs, to 
the total body metabolism of benzoic acid in each species, to be 
assessed. Species differences in the metabolism of benzoic acid 
in vivo can be better understood by consideration of the relative 
contribution of the liver ana kidney metabolism. In the hamster and 
rat, where the majority of benzoic acid is metabolised to hippuric 
acid in vivo (Bridges et al., 1970)7the formation of hippuric acid 
occurred in both the liver and kidney, although the greatest activity 
was found in the liver. In the carnivorous species i.e. dog and 
ferret, formation of hippuric acid only occurred to a significant 
extent in the kidneys. Williams et al., (1959) and Bridges et al.(l970) 
have reported slow rates of glycine mobilisation in these species.
There is no obvious teleological explanation for this observation 
although one can reasonably speculate that dietary differences may be 
involved. Plants and fleshy fruits contain large quantities of 
carboxylic acids, many of which are foreign to the host herbivore or 
omnivore. Recognisable acids are often present at very high 
concentrations, e.g. apple juice contains 0.1M malic acid (Bonner &  
Varner, 1965). Therefore these animals may have developed an active 
glycine conjugation system to shield the oxidative functions of the 
mitochondria from the possible interference of carboxylic acids. In 
view of the evolutionary theory concerning the bacterial origins of 
mitochondria, it would be interesting to investigate the capacity of 
various aerobic bacteria to conjugate acids with glycine. For example, 
Paracoccus denitrificans, an aerobic bacteria, is suggested to be 
similar to that from which mitochondria probably evolved (John &
Whatley, 1977) but their conjugating ability has yet to be investigated.
A preliminary study was carried out to investigate, in more 
detail, the enzymes responsible for glycine conjugation in the rat 
and ferret livers. The levels of enzyme activity in whole ferret 
cells, however, were too low to permit an accurate study (Table 3.4). 
Since it was uncertain whether low rates of glycine mobilisation 
or low enzyme levels were responsible for this lack of activity, 
if was proposed to investigate the effects of varying concentrations 
of benzoic acid and the necessary cofactors i.e. glycine, acetyl-CoA 
and ATP, in isolatedmitochondrial preparations. Mitochondria were 
isolated according to the method of Chappell & Hansford (1969) but 
the sucrose required for the preparation interfered with the 
subsequent separation of metabolites. Omission of the sucrose 
affected-the viability of the preparations and attempts to extract the 
metabolites from the sucrose incubates with ether were unsuccessful, 
as some sucrose was also carried over. No further progress has been 
made with these studies.
Benzoylglucuronide was formed at low levels in all tissues but 
was predominantly hepatic, especially in the rat and hamster. In the 
omnivores, its contribution to the overall metabolism is very small 
but in carnivores, in the absence of extensive glycine conjugation, 
benzoylglucuronide becomes a major metabolite. This is in confirmation 
with the in vivo studies of Bridges et al . (1970). Ferret hepatocytes 
were shown to possess a general capacity for glucuronic acid 
conjugation in Chapter 2, but the activity with respect to benzoic 
acid conjugation is considerably lower. Since benzoic acid is a 
relatively polar molecule, it may not be able to pass easily into the 
hydrophobic environment of the UDP-glucuronyltransferase enzyme or 
it may simply be a poor substrate. However, this means that conjugation 
with glucuronic acid does not compensate for the deficient glycine
conjugating activity in species such as the dog and ferret.
It was suggested earlier that the renal conjugation enzymes 
may act in a supportive role to complete the liver metabolism. 
Therefore, it may be envisaged that following oral administration, 
the benzoic acid passes to the liver where, in omnivorous species, 
it is extensively conjugated with glycine. In carnivorous species, 
the total liver metabolism is very low and the unmetabolised benzoic 
acid passes to the kidneys. Here the benzoic acid can undergo 
conjugation with glycine and to a lesser extent glucuronic acid.
The glycine conjugating activity of the dog and ferret kidney is 
greater than in the omnivore kidney and thus is partly able to 
restore the balance in total metabolism between the two classes of 
species. Glycine conjugation has not been demonstrated in other 
tissues apart from very low-levels in the intestine (strahl &
Barr, 1971; Irjala, 1972). Therefore the fractional metabolism 
of benzoic acid by the liver and kidneys together with the 
availability of glycine, rates of glycine mobilisation and dose of 
benzoic acid are the principal factors involved in the species 
difference in the metabolism of benzoic acid.
At increased doses of benzoic acid, there were changes in the 
relative amounts of benzoylglucuronide and hippuric acid formed in 
the rat and ferret hepatocytes. In rat, the proportion of benzoyl­
glucuronide increased markedly either as a result of depletion of 
the glycine pool or through activation of the UDP-glucuronyltransferase 
(Chapter 2). In ferret hepatocytes, the rate of glucuronide formation 
increased five-fold between the lowest and maximum levels of benzoic 
acid (unpublished) but as the overall levels of metabolism were so 
low, the relative proportions of hippuric acid and glucuronide formed
could not be so accurately determined. An increased amount of 
benzoylglucuronide is excreted by ferrets in vivo at higher doses 
of benzoic acid (Bridges et al, 1970).
The kidneys of all species,except the hamster,formed three 
other minor metabolites. It is interesting to note (Table 3.3) 
that hamster kidney possessed the lowest conjugating activity 
as well. On the other hand, hamster liver did form the three 
extra metabolites whereas livers from the other species did not. 
These observations suggest a further species difference in the 
metabolism of benzoic acid which would be interesting to investigate 
further. Ioannides et a l .(l977) have recommended the ferret in 
place of the dog in metabolic and toxicological studies as dogs 
are very expensive and arouse more public sympathy. From the 
results presented in this study, the dog and ferret appear to 
possess similar hepatic and renal metabolic abilities thus 
supporting the observations of these authors.
CHAPTER 4
CHAPTER 4
STUDIES ON THE METABOLISM AND EXCRETION OF BENZO (c*)PYRENE 
IN ISOLATED ADULT HEPATOCYTES FROM THE RAT, FERRET AND HAMSTER.
4.1. INTRODUCTION
4.1.1. The Metabolism of Benzo(ajpyrene (BP)
A summary of the principal metabolic pathways of benzo(a)pyrene (BP) 
is given in Fig. 4.1. Initially BP is metabolised by a mixed function 
oxygenase system, often termed the benzo(a)pyrene hydroxylase or aryl 
hydrocarbon hydroxylase system (Conney et al., 1957; Nebert & Gelboin, 
1968). The system is also inducible by BP (Conney et al., 1957?
Hansen & Fouts, 1972). Although the enzyme system is associated 
principally with the endoplasmic reticulum, there have been several 
reports in which BP metabolism has been shown to occur in the nuclear 
membrane (Alexandrov et al., 1976; Rogan & Cavalieri, 1974; Rogan et al., 
1976; Pezzuto et al., 1977). This may be very important as the 
generation of reactive intermediates in the nuclear region increases 
the probability of their interaction with nuclear DNA.
The initial products of BP are mainly arene oxides or epoxides which 
may be further metabolised in a variety of ways (Sims & Grover, 1974; 
Jerina & Daly, 1974). In summary, epoxides may undergo, (a) spontaneous 
isomerisation to phenols, (h) further metabolism to dihydrodiols,
(c) further metabolism to glutathione conjugates, (d) binding to 
nucleophilic tissue components or (e) reduction to the parent compound. 
Phenols and dihydrodiols can also be further metabolised to several 
different products.
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Although most of the phenols (monohydroxybenzo(a)pyrenes) are 
thought to be formed via epoxides, there is evidence to suggest a 
certain proportion may be formed via direct hydroxyl insertion (Yang 
et al., 1977b), as described in Chapter 1. 3-HydroxyBP is the major 
phenol formed in liver (Sims, 19^7) but 9-hydroxyBP is also formed to 
a significant extent (Kinoshita et al., 1973? Selkirk et al., 1974).
King et al. (1976b) has suggested that 9-hydroxyBP may be important 
in the microsoms-mediated binding of BP to DNA. Lesser amounts of 
1-hydroxyBP and 7-hydroxyBP have recently been detected by high pressure
liquid chromatography (Selkirk et al., 1976a). Although several other
\
phenols have been chemically synthesised (Nemoto &  Gelboin, 1976), they 
have not been isolated as metabolites0 The 6-position in the BP 
molecule is chemically the most reactive and one would expect hydroxylation 
to also occur at this position,, In fact, the resultant phenol is too 
unstable and undergoes auto-oxidation to form the 6-oxo BP radical 
which subsequently oxidises to a quinone (Lorentzen et al., 1975?
Rispin et al., 1976). The 6-oxy BP radical was implicated in the 
mechanism of BP carcinogenesis (Lesko et al., 1975), but evidence against 
this has now been presented (King et al., 1976a).
6-HydroxymethylBP is also formed (Flesher &  Syndor, 1973? Sloane 
et al., 1976) but via direct insertion of the hydroxymethyl group in 
a non-mixed function oxidase-mediated reaction (Sloane & Davis, 1974).
Three quinones have been identified as BP products, namely 1,6- and 
3,6- (Sims, 1967) and 6,12-quinone (Selkirk et al., 1974). The major 
quinone formed is 3,6-quinone which is identifiable on a thin— layer 
chromatogram by its characteristic red fluorescence. Quinones may arise
spontaneously from BP or phenols (Sims, 196?) or via further oxidative 
metabolism of the phenols (Yang et al., 1977b? Wiebel, 1975).
It is possible that the phenols can be recycled through the mixed
function oxidase system to give rise to diols and triols, It has also
been suggested that the phenolic group may stabilise an epoxide formation
in another part of the BP molecule (Vadi. et al., 1976) which may explain
the mutagenicity of certain phenols (Huberman et a I., 1976). This could
also explain why King et al. (1976b)suggest 9-hydroxyBP as important in- 
microsomal—mediated binding.
Phenols are extensively conjugated with glucuronic acid. Nemoto 
& Gelboin (1976) determined the affinity of UDP-glucuronyltransferase 
for each phenolic derivative of BP in an in vitro system. The study 
revealed that the phenols generated in biological systems are, in fact, 
better substrates for UDP-glucuronyltransferase than the synthetic 
phenols. This indicates a certain measure of co-operation between the 
mixed function oxidases and the conjugating systems.
Cohen and coworkers (Cohen et al., 1976; Cohen et al ., 1977) 
isolated phenol sulphate conjugates from human, hamster and rat lung 
cultures. These conjugates are relatively lipophilic and consequently 
removed by organic extraction from the incubates together with the free 
metabolites, which was the reason their formation was overlooked for a 
long time. In other studies where the conjugates were analysed following 
crude deconjugation procedures, the sulphates were again overlooked 
(Andrianov et al., 1967? Vadi et al., 1975). The sulphotransferase 
enzyme system has been further characterised in rat liver l05?000g 
supernatant by Nemoto & coworkers (Nemoto & Takayama, 1977? Nemoto 
et al., 1977). The sulphotransferases exhibited a much broader
specificity towards all the phenols than the UDP-glucuronyltransferases; 
both the synthetic and metabolically produced phenols formed appreciable 
levels of conjugate.' The quinone metabolites also formed sulphate 
conjugates which were non-ethyl acetate extractable. Presumably an 
initial reduction of the quinone to a phenol occurred prior to the 
conjugation reaction.
.Epoxides and Dihydrodiols
Direct evidence for the formation of the K —region epoxide, '
BP- 4,5-ox.ide, has been presented, (Grover et al., 1972; Grover, 1974), 
as this is chemically more stable than the non—K  region epoxides. The 
formation of BP- 7,8-oxide and BP-9?10-oxide is inferred from the 
isolation of the two further metabolites, 7?8-dihydro- 7>8— dihvdroxy— 
benzo(a)pyrene (7,8-dihydrodiol) and 9,10-dihydro-9,10-dihydroxy- 
benzo(a)pyrene (9,10-dihydrodiol), (Sims &  Grover, 1974) as the initial 
oxides are too reactive for isolation (Yagi & Jerina, 1975; Waterfall &  
Sims, 1972).
The hydration of the epoxides is catalysed by epoxide hydratase, 
which is both structurally and functionally coupled to the mixed function 
oxygenase (Oesch, 1972). The resultant dihydrodiols are predominantly 
in the trans-configuration (Sims & Grover, 1974; Sims, 1977).
All three dihydrodiols may undergo further metabolism. 4,5-Dihydro- 
diol is a good substrate for UDP-glucuronyltransferase whereas
7,8-dihydrodiol is poorer and 9>10-dihydrodiol is not a substrate. These 
conclusions were reached after an in vitro study by Nemoto &  Gelboin (1976). 
4,5-Dihydrodiol is also the best substrate for sulphate conjugation but
both 9»10-dihydrodiol and to a lesser extent, 7,8-dihydrodiol, can form
in
sulphate conjugates/in vitro systems (Nemoto et al., 1977).
In a study by Booth & Sims (1976), 7,8-dihydrodiol was metabolised- 
by rat liver mixed function oxygenase to the 7,8-dihydrodiol -9,10- 
oxide. 9,I0-Oihydrodiol was metabolised predominantly a product 
identified as the 9?10-dihydroxyBP (9?10-catechol) by uv fluorescence 
and mass spectral analysis. Some 9.10-dihydrodiol was also metabolised 
via the 9,10-dihydrodiol-7,8,-oxide, as the more stable further 
metabolite, 7,8,9,10-tetrahydrotetrol, was identified. The formation 
of diol epoxides is discussed further in the next section. Moore et al., 
(1977) isolated a further metabolite of 4,5—dihydrodiol from hamster 
trachea and lung cultures that was tentatively identified as another 
tetrahydrotetrol derivative.
It has been suggested that the original primary epoxides can be 
conjugated with sulphate or glucuronic acid, particularly BP-7,8-oxide. 
(Nemoto & Gelboin, 1976). However, these reactions probably proceed 
via initial spontaneous formation of 7-hydroxyBP, then conjugation. 
Epoxides may react with glutathione, either spontaneously or in a 
reaction catalysed by glutathione-S— transferase (Sims &  Grover, 1974).
The 105,OOOg supernatant fraction of rat liver catalyses the conjugation 
of BP-4,5-oxide with glutathione (Nemoto & Gelboin, 1975; Grover et al., 
1972). The conjugation of BP-7,8-oxide and BP-9,10-oxide with glutathione 
also occurs, but to a lesser extent (Waterfall & Sims, 1972; Bend et al., 
1976). Epoxides can undergo reduction to the parent compound, BP, in a 
reaction catalysed by a microsomal reductase (Booth et al., 1975, Kato 
et al., 1976). These primary oxides can also bind covalently to cellular 
constituents, particularly DNA, in vitro (Grover et al., 1972; Jeriiia &; 
Daly, 1974).
Diolepoxides
BP is metabolised to three dihydrodiols and each of these can 
exist as a trans or cis isomer. Each configurational isomer can exist 
as a (+) or (-) enahtiomer or as a racemic mixture. Dihydrodiols formed 
metabolically have been shown to exist predominantly as the trans 
isomers (Sims &  Grover, 1974; Jerina et al., 1970 ) and to be optically 
active (Yang et al., 1976). Thus BP is metabolised by rat liver 
microsomes to the (-) trans-7,8-dihydrodiol (Yang et al.,-1977a).
Thakker et al. (1977) has shown that the optical activity of 7,8- 
dihydrodiol is due to the highly stereospecific metabolism by the mixed 
function oxidase rather than the epoxide hydratase. This is discussed 
fully by Yang et al. (l977a)who argue that both reactions are highly 
stereospecific.
Dihydrodiols can be further metabolised by the mixed function 
oxidase ■ to diolepoxides. Sims et al. (1974) demonstrated the formation 
of 7,8-dihydrodiol 9,10-oxide in hamster embryo cells and its interaction 
with the cellular DNA. Diolepoxide formation by rat liver microsomes 
was shown by Booth & Sims (1976) and Daudel et al. (1975) demonstrated 
fluorimetrically that 7,8 dihydrodiol 9,10-oxide binds to mouse skin DNA.
Diolepoxides from trans-7,8-dihydrodiol may be synthesised in two 
isomeric forms:
(-)-trans-7p, Sa-dihydroxy -9oc, 10a -epoxy -7,8,9,lO-tetrahydrobenzo(a)pyrene 
[diolepoxide -2 (Kapitulnik et al., 1977a ); diolepoxide I (lluberman et al., 
1976) or anti-isomer (Beland & Harvey, 1976)] and (-)-trans -7(3,8a- 
dihjulroxy -9(3, l0(3-epoxy- 7,8,9, lO-tetrahydrobenzo(a)pyrene [diolepoxide-1, 
diolepoxide II or syn-isomer] (Fig. 4.2 on p. 186).
The metabolically formed (-)trans-7,8-dihydrodiol is further
metabolised in the same stereoselective manner to predominantly the
diolepoxide-2 (Yang et alt? 1976: Huberman et al., 1976). Thakker
et al. (1977) investigated the stereospecificity of the mixed function
oxygenase reaction in great detail. Liver microsomes from 3-methyl-
cholanthrene-treated rats and a purified cytochrome P, . .-.-containing
bio
oxygenase system produced diolepoxide-2 predominantly from the (— ) 
trans-7,8-dihydrodiol (ratio of diolepoxide-2 formation : diol epoxide-1 
= 6 : 1) and predominantly diolepoxide-1 from the (+)—trans—7,8- 
dihydrodiol (ratio diol epoxide-2 : diolepoxide—1 = 1 : 22). The 
microsomes from control or phenobarbitone-treated rats, where cytochrome 
P450 is the major haemoprotein, were less stereoselective (ratios 2 : 1  
and 1 : 6 respectively). Thus diolepoxide-2 is the major species 
formed metabolically. Booth &  Sims (1976) have also reported the 
formation of the diolepoxide from.'9,10—dihydrodiol, i.e. 9,10—dihydro— 
diol 7,8-oxide.
Diolepoxides can be reduced in the presence of NADPH to optically 
active trihydroxypentahydroBP (Yang et al., 1976; Yang & Gelboin, 1976) 
or hydrated to cptically active tetrahyarotetrols (Yang et al. 1976;
Booth & Sims, 1976) or possibly conjugated with glutathione (Booth &
Sims, 1976). All these reactions may occur nonenzymically as diolepoxides 
are not good substrates for epoxide hydratase (.Wood et al. 1976a » b) nor 
glutathione transferase (Bend et al», 1976). Sulphotransferases have a 
low affinity for diolepoxides (Nemoto et al., 1977) but overall, the 
diolepoxides are not readily inactivated by the cellular metabolic 
pathways.
4.1.2. 3enzo(a)pyrene Toxicity and Carcinogenicity.
BP is a polycyclic hydrocarbon (PAH). These compounds are formed 
during the pyrolysis of organic matter and therefore occur widely in 
our environment, (Natl. Acad. Sci., 1972).
In 1975, Sir Percival Pott commented upon the high incidence of 
scrotal cancers in London chimney sweeps and correctly attributed the 
cause to their continual exposure to soot and coal tar. It was more 
than a century later, however,before the first experimental studies 
were performed. In Japan, Yamagiwa & Ichikawa (1915) painted the ears 
of rabbits and mice with coal tar and successfully induced skin cancers. 
Later, the presence of polycyclic hydrocarbons in the tar was discovered 
and Cook et al. (1953) isolated BP and demonstrated its high carcinogenic 
activity in mouse skin. In 1957, Blacklock injected BP into rat lungs 
and produced malignant tumours. In recent years, PAH’s have been the 
subject of intensive research and a vast store of information has been 
accumulated about their distribution, chemistry, metabolic fate and 
biological effects. There is still no definite proof of their ability 
to initiate cancers in man, yet, on the other hand, the possibility cannot 
be ruled out. There have been many excellent reviews and commentaries 
on chemical carcinogenesis in which PAH’s are given extensive or exclusive 
coverage (Freudenthal & Jones, 1976; IARC monographs, 1973, 1974, 1975 j 
Symington & Carter, 1976; Heidelberger, 1973, 1975; Miller &  Miller,
1974; Miller, 1970).
Berenblum (1941a,b) suggested that the process of carcinogenesis 
consisted of two phases, initiation and promotion. PAHs are initiators 
and a single exposure can produce an irreversible change in the target cell.
agent leads to tumour development. The promoting agent may, itself, 
be non-carcinogenic and repeated applications may be necessary for 
promotion to occur (Boutwell, 1974). Croton oil is a promoting agent 
commonly employed in carcinogenesis studies.
BP is highly lipophilic and thus is readily absorbed by biological 
tissues but it is not carcinogenic per se. One important aspect of 
polycyclic hydrocarbon carcinogenesis is the prerequisite for some degree 
of activation through metabolic transformation. The toxic intermediates 
generated, are highly electrophilic species, capable of covalent binding 
to nucleophilic components -within the cell. This binding brings about 
the initiation of carcinogenesis, although the exact mechanisms involved 
are not yet understood. Possible cellular nucleophiles include DNA,
RNA and proteins, as described in Chapter T. An assessment of the 
relative carcinogenic potency of PAHs is given by the Iball Index*
Index = ^  x 100 B
-where A = fo tumours in animals and B = average latent period.
This index correlates with the degree of PAH binding to mouse skin 
DNA (Brookes &  Lawley, 1974) but PAHs have been shown to bind covalently 
to DNA from a number of tissues including lung (pezzuto et al., 1976), 
bronchial mucosa (Harris et al ., 1974 and 1976) and liver (Pezzuto et al ., 
1976).
The dual role of the microsomal mixed function oxidase , e system in 
catalysing both the reactions for activation of the PAHs and also for 
detoxication, has caused some confusion. The degree of toxicity of 3P 
and other PAH can be correlated with the activity of the microsomal mixed 
function oxidase . . (Gelboin, 1969; Gelboin et al., 1969, 1972;
Kouri et al., 1976). Thus, 7,8-benzoflavone, an inhibitor of mixed 
function oxydase', activity, can inhibit the cytotoxicity caused by 
BP and 7,12-dimeti^lbenzanthra(ere in hamster embryo cell cultures
skin were induced by 5,6 naphthoflavone, the tumorigenicity of 
7,12-dimethylbeczanthraceie was reduced. Slaga et al. (1976a)reported 
that 7,8-benzoflavone inhibited the tumour initiation in mouse skin
of BP. These studies demonstrate the complexity of the mixed function 
oxidases? role in PAH carcinogenesis. Different PAHs behave differently 
with respect to detoxication and activation.
The cytotoxicity of BP may be mainly attributed to the formation of 
3-hydroxyBP (Gelboin et al., 1969j Lubet et al., 1973) which exerts 
its toxic effects through binding to cellular macromolecules (Diamond, 
1^68; Duncan &  Brookes, 1970;; Capdeyfla et al., 1975)®
The ultimate carcinogenic forms of PAH were initially thought to 
be the K-region epoxides i.e. BP-4,5-oxide (vvang et al., 1972;
Sims & Grover, 1974), but other studies have shoi/n that the products 
formed when BP was bound to DNA arose from the metabolite 7,8-dihydrodiol—
9,10-oxide (Sims et al., 1974; Daudel et al., 1975). This followed the 
observations of Borgen et al. (1973) that 7,8-dihydrodiol binds to DNA 
in the presence of liver microsomes, more extensively than BP.
Baird et al. (1975) showed that these products differed from the DMA-bound
(Diamond & Gelboin, 1969) and the tumorigenicity of 7,12-dimethy1- 
benzanthracene in nouse skin (Kinoshita & Gelboin, 1972; Gelboin 
ex al., 1972) and also the covalent binding of PAH to nucleic acids 
(pezzuto et a 1., 1976; Selkirk et a 1., 1974). However. Wattenberg &
by 7,12-dimethylbenzanthracene but stimulated the initiating activity
1976) and King et al. (l976a)have reported that the DNA product of
7.8-dihydrodiol, in the presence of liver microsomes, is exclusively 
the diolepoxide-2. The DNA adducts from whole cells exposed to BP 
are possibly a mixture of both diolepoxides (King et al., 1976a)the 
proportion of which may be dependent upon the time of exposure to
B P ( B a i r d  & Diamond, 1977).
Both 7,8-dihydrodiol and 7,8-oxiae are highly carcinogenic on 
mouse skin (Levin et al., 1976a: Slaga et al., 1976b ; Chouroulinkov
et al., 1976). Since 7-hydroxy and 8-hydroxyBP are non-carcinogenic 
(Kapitulnik et al., 1976a) and 7,8-epoxy-7,8,9,10-tetrahydroBP is also 
non-carcinogenic (Levin et al., 1976b), the carcinogenicity of both 
BP 7,8-oxide and 7,8-dihydrodiol is reasoned to be mediated via the
7.8-dihydrodiol-9,10-oxide. Levin et al. (1977) reported that the 
metabolically produced (-) enantiomer of 7,8-dihydrodiol, which 
undergoes highly stereoselective metabolism to diolepoxide-2 in rat 
liver, demonstrated a significantly greater tumour initiating activity 
in mice skin than (+) 7,8-dihydrodiol or BP. Kapitulnik et al . (1977a) 
showed that 7,8-dihydrodiol, administered i.p. to newborn mice, was 
much more carcinogenic than BP and diolepoxide-2 produced approximately 
the same number of pulmonary adenQmas in newborn mice as occurred after 
a 50-fo.ld higher dose of BP«
Although this evidence points to diolepoxide-2 as a highly potent 
carcinogenic form of BP, other metabolites have also demonstrated some 
carcinogenic activity and must not be excluded. BP-4,5-oxide and
4,5-dihydrodiol have shown tumorigenic activity (Levin et al., 1976a; 
Chouroulinkov et al., 19?6; Slaga et a 1., 1976b). 3-HydroxyBP 
transformed hamster embryo cells in culture (Lubet et al., 1973) but 
was non-carcinogenic on mouse skin (wislocki e t a l ., 1977). 2-HydroxyBP 
was strongly carcinogenic on mouse skin and 11-hydroxyBP was weakly 
active (Wislocki et al., 1977) although neither of these compounds has 
been demonstrated as a metabolite of BP in biological systems.
Much evidence has accumulated in recent years in support of the 
somatic mutation theory (Boveri, 1914), i.e. that the prime carcinogenic 
event involves modification of the cellular genome. This theory 
requires carcinogens to also be mutagens (although the converse is 
not necessarily true). BP is nonmutagenic unless activated by the 
mixed function oxidase system (Ames et al., 1973) and a wide range of 
BP metabolites have been shown to be mutagenic in bacterial and 
mammalian cell systems. Diolepoxide-2 is extremely mutagenic (Newbold 
&  Brookes, 1976, Malaveille et al., 1975; Huberman et al., 1976;
Wood et al., 1977b), 4,5-oxide is also highly mutagenic (Glatt et al,, 
1975; Wood et al., 1975), hut is inactivated by epoxide hydratase 
(Wood et al., 1976a). Other epoxides, dihydrodiols and phenolic 
metabolites also exhibit mutagenic activity. (Wood et al., 1975;
Glatt & Oesch, 1976; Wislocki et al., 1976b).
4.1.3. ' Bay Region'' Theory
There has been much evidence accumulated in the past few years to 
indicate that the ultimate mutagenic and carcinogenic form of benzo(a)- 
pyrene is the benzo(a)pyrene 7,8-dihydrodiol-9,10 epoxide. A  summary 
of the research supporting this view is given in section 4.1.2.
Jerir© and coworkers have analysed the structural and chemical 
characteristics of this entity in a -comparison with the possible 
ultimate carcinogenic forms of other polycyclic aromatic hydrocarbons.
From this, a general theory, termed the ’Bay-Region Theory’ has been 
put forward (jerira & Daly, 1976).
The unique and critical feature of the diolepoxides is the 
location of the epoxide on a saturated, angular benzo-ring that forms 
part of the so-called ’’bay region’’ of the hydrocarbon. (Fig. 4.2*).
Jerind’s group have performed some perturbstional molecular orbital 
calculations to determine the relative ease of earbonium ion 
formation (Lehr & Jenna, 1977). Such a species would be highly 
eleetrrophilic and therefore likely to interact with the nucleophilic 
tissue components such as DNA (Yagi et al., 1977). The calculations 
revealed that the diolepoxides in which the epoxide forms a part of 
the bay region are more reactive and hence more likely to form the 
earbonium ion by opening the benzylic oxirane C-0 bond of the diol­
epoxide. (Fig. 4.2).
According to this theory, the most active metabolite of benzanthra- 
cene (BA) should be the BA-3,4-dihydrodiol-l,2-epoxide, the bay region 
epoxide. Wood and coworkers (Wood et a1., 1976c; Wood et a l ., 1977b) 
have now demonstrated the.exceptionally high mutagenicity and carcino­
genicity of this diolepoxide relative to benzanthracene itself and the 
non-bay region epoxides. Similarly, it has now been reported that the 
bay region epoxides of 7-methylbenzanthracene (7-methylBA -3,4-dihydrodiol 
-1,2-oxide) (Malaveille et al.j!977) and probably of 3-methylcholanthrene 
(3-MC -9,10 dihydrodiol -7,8-oxide) (jerina et al., 1978; King et a 1 ., 1977) 
and chrysene (chrysene -1,2-dihydrodiol -3,4-oxide) (Wood et al., 1977a)
Fig. h.2. The Structures of the Diastereometric (-)-BP-
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are the most biologically active forms of these carcinogens. When 
the carcinogenicities of 6-aminochrysene and 2-aminochrysene are 
compared, only b-aminochrysene is found to be active (Arcos and 
Argos, 1974). The lack of activity of 2-aminochrysene can be 
explained according to the Bay Region theo5i*y as the amino substituent 
blocks the formation of a bay region epoxide in this molecule.
Thus, there is much evidence to suggest that the Bay Region theory 
could be applicable to the majority of polycyclic hydrocarbon 
carcinogens, but the possibility of other metabolites also being 
carcinogenic must not be. overlooked. It is now important to determine 
the steady-state levels of these reactive diolepoxides in susceptible 
tissues and their actual biological fate.
4.1.4e Experimental Systems
Much of the extremely complex metabolism of BP has been elucidated 
by the use of isolated microsomal preparations (Sims & Grover, 1974; 
Holder et alt> 1974; Selkirk et al., 1974) or cultured cell-lines 
(Nebert &  Gelboin, 1968; Sims, 1970). However, the ultimate 
carcinogenicity and toxicity of this and other carcinogens is dependent 
in part upon their overall metabolic fate in the body in both susceptibl 
and non-susceptible tissues. Thus the balance between the formation of 
primary metabolites and their further metabolism by either oxidative 
or conjugation mechanisms*is crucial in determining possible levels 
of reactive metabolites which may be formed in different tissues. It 
is, therefore, necessary for the study of compounds which require 
metabolic activation to use a drug metabolising system resembling as 
closely as possible the in vivo situation. Freshly isolated adult 
mammalian hepatocytes constitute such a system. Numerous investigators 
have studied metabolism of the lung and skin carcinogen benzo(a)pyrene
in liver microsomes and have discussed their* findings in relation to 
benzo(a)pyrene-induced lung cancer. However, many of the factors that 
may be important in determining the role of hepatic metabolism in 
benzo(a)pyrene-induced cancer can ouly be adequately studied at the 
intact cell level. Such factors include cell membrane permeability 
for benzo(a)pvrene and/or metabolites produced by hepatic and extra- 
hepatic organs, the overall metabolite pattern and inter-relationship 
between phase I and Phase II metabolism, the degree of binding of 
xenobiotic/metabolites to cellular organelles and the subsequent rate 
of release of free and conjugated metabolites from the cell into the 
extracellular environment.
.1.5. Aims
In the present study, isolated viable rat hepatoeytes have been 
used to study the Phase I and Phase II metabolism of benzo(a)pyrene 
with particular attention to the fate of the metabolites. The cells 
were obtained from uninduced animals to ensure no distortion (by 
enzyme induction) of the basic metabolic profile as it was felt that 
the uninduced state would be more likely to appertain to the human 
situation in which benzo(a)pyrene exposure is largely by inhalation. 
One aspect that we have particularly studied is the distribution of 
metabolites between the cells and the extracellular medium since it 
is possible that selective release from, or retention by, the cells of 
key metabolites may be important in determining the biological 
consequences of benzo(a)pyrene administration. A previous report 
(Vadi etal., 1975) has drawn attention to some cell distributional 
differences between dihydrodiol and /phenolic metabolites. However, 
largely because the thin-layer chromatography system employed in that 
study was unable to satisfactorily resolve the dihjndrodiols and other 
metabolites migrating near the origin, such as sulphate esters of 
monohydroxybenzo(u)pyrenes and tetralwdrotetrahydroxy compounds, their
findings, and conclusions warranted further investigation.
Although benzo(a)pyrene is not a proven hep rfcocareiuogc-n it is 
known to form highly reactive intermediates and to he extensively 
metabolised in liver. The present work was undertaken using isolated 
adult hepatoeytes from untreated rats to elucidate further the fate 
and distribution of benzo(a)pyrene and its major metabolites in this 
tissue c
'i.2. MATERIALS AND METHODS
4.2.1 .Materials
[•^H]-Benzo(a)pyrene (Sp.Act. 25 Ci/mmole) was obtained f r x n  b!i^  .
Hadiochemic.il Centre, Amersham, Bucks., and after further purification,
according to the method of De Pierre, et a 1. (1975) was ridded to
imlabelled benzo(a)pyrene (Koch-Light Laboratories Ltd., Colne, Bucks.)
to the appropriate concentration. The unlabellad reference compounds
4, 5~dihyd.ro-4,5-dihydroxybenzo(a)pyrene (4,5-dihydrodiol), 7»8-dihydro-
7,S-dihydroxybenzo(a)pyrene (7,8-dihydrodiol), 9> 10-diIiydro—9>10-
dihydroxybenzo(a)pyrene (9,10-dihyarodiol) and 3-hydroxybenzo(a)pyrene
(3-hydroxyBP) were prepared essentially by the method of Sims (1970)
and their identity confirmed by comparing their u.v. and fluorescence
excitation and emission spectra with those reported in the literature.
r 3Radiolabelled metabolites were prepared in the same manner from [ H]-BP. 
Details of the other reagents and apparatus are given in the appendix.
4.2.2.Methods
4.2.2.1 „ Metabolism of [ H]-Benzo(a)pyrene by Isolated Hepatocytes
Unlabelled and [Jll]-benzo(a)pyrene in;N,N-dimethyl formamide (DMP)
were added to culture medium. Incubations w e c a r r i e d  out in 10 ml
conical flasks at 37° in a shaking water-bath (approx. 90 oscillations/min)
6
The final incubation mixture, volume 1 ml, contained 2 x 10 viable 
hepatocytes, SO^w-M benzo(a)pyrene (approx. 9/^Ci), and 0.2$ v/v DMP.
Control incubations were also carried out at 0° with hepatocytes and at 
37° when the hepatocytes were omitted. After timed intervals, the 
reaction was stopped by placing the flasks in ice. The cells were 
sedimented by centrifugation (50g for 45 secs.) at 0° and the extracellular
medium was removed. The cells were washed with 2 x 2 ml portions 
of culture medium. The washings and extracellular medium from 
each incubate were pooled and aliquots taken for determination of 
radioactivity. The scintillation cocktail contained 0.02$ w/v 
dimethyl P0P0P (l,4-bis-2-(4-methyl~5-phenyl-oxazoyl)-Benzene)
0.5$ w/v PPG(2.5 diphenyloxazole), 33$ .v/v ’Synperonic NXP?
(l.C.I. Ltd., Billingham, Teeside) in sulphur-free toluene.
The cell pellet was resuspended in 5 nil water and thoroughly mixed 
on a rotary mixer to iyse the cells. Lysis was assessed by the trypan 
blue exclusion method (Chapter 2). Aliquots were taken for determination 
of radioactivity. Each aliquot was digested in Soluene—350 (Packard 
Instrument Company) and counted in the scintillation cocktail omitting 
1synperonic NXP*.
The medium, and cells were extracted with ethyl acetate (2 x 1 vol.) 
and the extracts dried with anhydrous sodium sulphate. Aliquots were 
taken for radioactivity estimation. The extracts were examined by 
t.l.c. in benzene*.ethanol (9:1 v/v) as described by Cohen & Moore (1976). 
The metabolites were identified by co-chromatography with unlabelled 
markers and by their fluorescence excitation and emission spectra, 
following elution of the relevant area of the chromatogram into ethanol 
(spectroscopic grade). *
Mean recovery of total radioactivity used in three experiments was 
84$ (range from all .samples = 75 - 91$).
7
4.2.2.2. Metabolism of [ H]-Benzo(a)pyrene Primary Metabolites by Isolated
Hepatocytes.
The following radiolabelled metabolites of benzo(a)pyrene
(Sp. Acts. 0.l6yxCi/nmole) were incubated separately with rafc 
hepatocytes under the conditions described in section A.,,2.2.l.y-namely 
3-hy dr oxyBP 1.2^'Ci per incubf), 4,5-dihydrodiol (^/M, 0.8/^Ci)
7,8-dihydrodiolp„5ydM, 0.6^/UCi) and 9 , 10-dihydrodiol (7.0^uM, 1.2^#Ci). 
The metabolic products in the cells and medium were analysed separately 
as described in section 4.2.2.IlMean recovery of radioactivity in these 
experiments was greater than 96$.
Enzymic hydrolyses for investigation of water-soluble metabolites.
The water—soluble metabolites, remaining in the aqueous medium 
after the organic extraction, were subjected to deconjugating enzymes 
prior to extraction and analysis as described in Chapter 2.
Benzo(a)pyrene Hydroxylase Eluorimetric Assay.
This was described in Chapter 2.
.2.2.3. Estimation of radioactivity covalently bound to cellular material
Cellular macromolecules were precipitated by the addition of an 
equal volume of ice-cold IN perchloric acid. The pellet was washed 
twice with 0.5N perchloric acid. Non-covalently bound radioactivity 
was removed according to the method of Siekevitz (1952). The 
precipitates were digested in IN sodium hydroxide and radioactivity 
determined.
RESULTS AND DISCUSSION
The results and discussion for the studies of benzo(a)pyrene 
metabolism have been divided into two parts. In Part A, the 
metabolic fate of benzo(a)pyrene in rat hepatocytes is considered, 
together with the findings ox some preliminary studies on the 
metabolism of 3-hydroxyBP, 4,5-dihydrodiol, 7,8-dihydrodiol and
9,10-dihydrodioI in rat hepatocytes.
In Part B, the metabolic fate of benzo(a)pyrene in hepatocytes 
prepared from the ferret and hamster is considered.
PART A: BENZO (a )PYRENE METABOLISM IN ISOLATED RAT HEPATOCYTES
4.3. RESULTS
Cell Viability
Isolated rat hepatocytes were incubated with BP (cone, range 
0 - 1 m>l) for up to 4 hours, the viability remained at a constant 
level, as assessed by the exclusion of trypan blue.
Uptake and Release of Benzo(a)pyrene by Rat Hepatocytes
BP was very rapidly taken up by the cells, a maximal cellular 
level of 22 nmoles per 10^ cells being reached after 5 minutes incubation. 
The total amount of radioactivity within the cells remained constant 
for about 20 minutes and then slowly declined as metabolites were 
released from the cells (Fig. 4.3). The amount of radioactivity within 
the medium reflected the changes observed in the cells, i.e. an initial 
rapid fall due to uptake of BP into the cells followed later by an 
increase due to release of metabolites from the cells (Fig. 4.3)*
In order to obtain an estimate of the half-life (tij of BP in
2
the isolated hepatocytes, the disappearance of BP from the medium was 
determined from the amounts of BP left unmetabolised, as assessed by 
thin-layer chromatography of the appropriate ethyl acetate extract 
and eluting the band corresponding to BP. An estimated value for the 
half-life of 53 mins was obtained using SOy-tM BP with 2 x 10^ in liver- 
cells.
The metabolites released into the medium during the first 25 minutes
of incubation were largely extractable with ethyl acetate (6kfo of
metabolites at 25 rains), with measurable amounts present within the first
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Fig. 4.3.
Time course of the distribution of radioactivity associated with
hepatocytes ( a — a  ) and the extracellular medium ( a — a  ) on
Dincubation of rat hepatocytes with H-BP.
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Fig. 4.4.
Time course of the percentage of the radioactivity in the extracellular 
medium associated with ethyl acetate soluble metabolites ( A— A )
water-soluble (conjugated) metabolites ( ©— @ ) and unchanged
BB ( -B— □ ) .
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few minutes incubation* With time, however, the metabolites released 
had undergone further metabolism and/or conjugation to form water- 
soluble products (Fig. 4.4). After 90 mins incubation, 7Sf0 of the 
metabolites in the extracellular medium were water-soluble.
Analysis of Ethyl-A cetate Soluble Metabolites
BP was metabolised to ethyl acetate-soluble metabolites which 
co-chromatographed with 3-hydroxy BP, 4,5-dihydrodiol, 7,8-dihydrodiol 
and 9?IQ-dihydrodiol (Fig. 4.5).
Marked differences in the distribution of individual ethyl—acetate 
soluble metabolites were found between the cell contents and the 
surrounding medium (Fig. 4.5). Significantly higher levels of the 
free phenols were found in the cells compared to those in the extra­
cellular medium. Maximal levels of the free phenols within the 
extracellular medium never exceeded 100 pmoles per 10^ cells (i.e. 2,5fo
administered dose of BP during the incubation period, whereas the
6
intracellular level of phenol was approximately 500 pmoles/10 cells 
after 60 mins incubation (Fig. 4.6).
Significant amounts of another metabolite(s) migrating beyond 
3-hydroxyBP were also observed within the cell. (Fig. 4.5). This 
material co-chromatographed with BP quinones. On the basis of its 
chromatographic behaviour and red colour, a major portion of this 
quinone band was tentatively identified as BP-3,6-quinone. It is 
difficult to discern whether thes‘e quinones are formed meiabolically 
or arise as an artifact formed by air oxidation during the isolation and 
separation of metabolites.
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Fig. 4.5* Tracings of radioscans of thin-layer radiochromatograms
of ethyl acetate-soluble metabolites in (a) the hepatocytes
and (b) the extracellular medium.
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Using the benzene : ethanol (9 : 1$ t.l.e. system, the three 
principal dihydrodiols formed could be satisfactorily resolved.
The major dihydrodiol found in the extracellular medium was
9.10-dihydrodiol whereas 4,5-dihydrodiol was the major one in the 
cells (Fig. 4.6). The extent to which free dihydrodiol progressed 
from the cells into the extracellular medium differed markedly with 
respect to each dihydrodiol (Fig. 4.5). Throughout the incubation 
most of the 9,10-dihydrodiol was present in the medium although 
significant amounts were still measurable within the cells. At
90 mins, 88^ > of the radioactivity associated with 9,10—dihjulrodiol 
was found in the extracellular medium and the remaining 12^ was 
associated with the hepatocytes (Table 4.1).
Both 7.8-dihydrodiol and 4,5-dihydrodiol were distributed more 
evenly between the cells and medium; thus the percentage of these 
metabolites found within the cells were much greater than for
9.10-dihydrodiol (Table 4.1). Slightly more 7,8-dihydrodiol than
4,5-dihydrodiol was retained within the cells (Table 4.1).
The material associated with the radioactive peak at the origin 
of the chromatograms was examined by fluorescence spectroscopy. This 
material had similar fluorescence excitation and emission spectra to 
the sulphate conjugate of 3-hydroxyBP, i.e. benzo(a)pyrene-3-y1-hydrogen 
sulphate (Cohen et al., 1976). However, other unidentified products such 
as polyhydroxylated phenols, tetrahydrotetrols and other sulphate 
conjugates may also have been present, but were not resolved. The 
radioactivity, associated with this mixture of metabolites within the 
cells, remained high during the incubation (30^ at 50 min., Table 4.1).
Metabolite 5 min. 60 min. 90 min.
3-hydroxyBP 
4,5-dihydrodiol 
7,8-dihydrodiol 
9,10-dihydrodiol 
"material at origin"
94 
’ 44
. 60 
17 
47
77
46
46
12
in
87
45
50
12
26
The percentages represent the relative proportion of each individual 
metabolite present in the cell, the remainder of each metabolite being 
in the extracellular medium. The "material at origin" represents the 
most polar organic-soluble metabolites which remain at the origin when 
chromatographed in benzene-ethanol (9 : 1 v/v). These metabolites include 
sulphate conjugates of monohydroxybenzo(a)pyrenes, 7,8,9,10—tetrahydrotetrol 
as well as other as yet uncharacterised metabolites.
Table 4.2. Chromatographic properties of principal BP metabolites
Metabolite
^ P
A B n D
BP 100 100 100 100
3-hydroxyBP 75 N.D. N.D. N.D.
3 ,6-quinone 85 90 82 59
4,5-dihydrodiol 49 73 72 23
7,8-dihydrodiol 42 73 65 15
9,10-dihydrodiol 31 73 58 10
9,10-catechol 24 . 59 N.D. N.D.
tetrol 21 26 N.D. N.D.
benzo(a)pyren-3yl 
hydrogen sulphate
1 N.D. 11 1
A = Benzene : Ethanol (9 : 1 v/v) C = Benzene : Ethanol (4 : 1 v/v)
B = Chloroform : Methanol (4 : 1 v/v) D = Benzene : Ethanol (19 : 1 v/v )
^ P  = distance moved by metabolite from origin
distance moved by BP from origin
N.D. = not determined
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Water-soluble conjugates were detected in the extracellular 
median after 5 rain incubation. After 90 min incubation, these 
constituted the major metabolites (78jo ot total metabolites formed). 
Throughout the incubation, little or no water-soluble metabolites 
were detected within the cells suggesting that on formation they 
passed rapidly into the extracellular medium. Following enzyme 
hydrolysis -of the water-soluble metabolites, ethyl acetate-soluble 
metabolites which co-chromatographed with 3-hydroxyBP and 4,5-dihydrodiol 
were obtained (Fig. 4.7). Little or no radioactivity was observed which 
co-chromatographed with 9,19- or 7,8-dihydrodiols. However, 
significant amounts of radioactivity were observed in a region I 
(Fig. 4.7a), chromatographing just prior to 9,10 dihydrodiol in 
benzene : ethanol (9 : 1 v/v). Some phenols were partially released 
even in the controls (Fig. 4.7b) suggesting that some of the phenol 
conjugates are relatively labile. Only small amounts of the sulphate 
conjugate of 3-hydroxyBP were present in the water-soluble metabolites 
as it had been very largely removed by the initial ethyl acetate 
extraction.
Glutathione Conjugates
After the free metabolites and those conjugated with sulphate or 
glucuronic acid had been removed from the medium, some radioactiviby 
still remained (6^ at 60 min,)c Following acetone precipitation of 
the protein material the aqueous supernatants were resolved in a t„l*c. 
system containing butanol-propanol - 2M NII^  ( 2 : 1 : 1 ) .  At least two 
metabolites were detectable by radioscanning (Figo 4.8). These were 
possibly glutathione conjugates but have not been further characterised.
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Fig. 4.7* Enzymic hydrolysis of water-soluble metabolites from BP,
present in the extracellular medium at 90 min.
The ethyl acetate-soluble hydrolysis products were 
chromatographed in benzene : ethanol 9 : 1 (v/v)
5000 ’
2500 -
2500
0 M 0 0
"Origin" 7,8-Dihydrodiol
j Phenols
4,5-Dihydrodiol
Benzo(a)pyrene
9,10-Dihydrodiol
a) hydrolysis with (3-glncuronidase
b) buffer alone
. 4.9. Covalent binding of [^J-BP-related radioactivity to
cellular perchloric acid-insoluble material. Non- 
covalently bound material was removed by exhaustive
solvent extraction
1000
200
Time (mins.)
4.8. Further uncharacterised metabolites of BP, present in the 
extracellular medium after removal of free metabolites, 
sulphates and glucuronides. Solvent system = butanol : 
propanol : 2M NH ( 2 : 1 * 1 )
75 min
0 min.
After oO mins incubation, approximately 3^ of the added radio­
activity was bound to cellular material and could not be removed by 
repeated washing with organic solvents. The proportion of radioactivity 
bound increased with time, Fig. 4.9, indicating that certain metabolites 
of BP irreversibly bind to hepato'eyte macromolecules.
Metabolism.of 3-Hydroxybenzo(a)pyrene by Ilat Hepatocytes
3-Hydroxybenzo(a)pyrene was rapidly taken up by the cells such 
that 6ofs of the administered dose was associated with the cells after 
5 min incubation (Fig. 4.10 ). Thereafter, the proportion of radio­
activity within the cells declined as the 3-hydroxyBP was metabolised 
to more polar products which egressed from the cells. After 60 min,
70/a of the dose had been converted into water-soluble products and of 
these, 83^ had been released into the extracellular medium. The 
proportion of material remaining within the cells which was bound to 
cellular constituents was not determined.
The principal metabolic products identified from 3—hydroxyBP were 
the glucuronic acid and sulphate conjugates and at least one quinone 
(3,6-quinone).
The ethyl acetate extracts of the cells and medium contained 
predominantly 3-hydroxyBP with quinone and benzo(a)pyren-3-yl hydrogen 
sulphate. After 5 nin incubation, approximately 30^ of the total radio­
activity was present in the ethyl acetate extract of the cells. Quinone 
and benzo(a)pyren-3~yl hydrogen sulphate accounted for 4cJo and Vfo of this, 
respectively. After 60 min, the amount of radioactivity extractable 
from the cells was hjo of the total and quinone accounted for 8fo of this and 
the sulphate conjugate for 18f0 (Table 4.4).
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Table 4.4
Profile of metabolites in the hepatocytes and extracellular medium 
following incubation with 3-hydroxyBP.
Values are expressed as percentages of -the total radioactivity 
recovered in each incubation.
T ime 
(min)
3-HydroxyBP.
.
•
Quinone ’Material at 
Origin’
Glucuronide Sulphate
Cells Medium Cells Medium Cells Medium Medium Medium
0 - 100 - - - - - . -
3 45 35 4 2 1 2 3+ 9+
6o 5 o 1 2 2 q 68+ 15+
’material at origin’ refers principally to benzo(a)pyren-3-yl hydrogen 
sulphate but also some further oxidative products.
hydrolysis product from these conjugates was principally 3-hydroxyBP 
although some quinone was detected in the radioscans.
The material associated with benzo (a )pyren-3--yl hydrogen sulphate could 
be further resolved following t.l.c. in benzene : ethanol (4 : 1 v/v). 
Benzopyren-3~yi hydrogen sulphate and probably other phenolic sulphates 
migrated in one spot. The material remaining at .the origin, probably 
consisted of diols, triols and other polyhydroxylated products. These 
accounted for less than Vf0 of the ethyl acetate soluble material within 
the ceils at oO min. After 6q min, the principal extracellular ethyl 
acetate soluble material was the sulphate conjugate of 3-hydroxyBP 
(Table 4.4).
In order to ascertain the relative importance of glucuronide and 
sulphate conjugation in the further metabolism of 3-hydroxyBP, the cells 
and extracellular medium were hydrolysed with either sulphatase or 
ketodase and the free metabolites extracted with ethyl acetate and 
resolved by t.l.c. 3-Hydroxy3P was extensively metabolised to both 
sulphate and glucuronic acid conjugates, approximately 70 —  80^ of the 
conjugates being the glucuronide, at 6o min. A  lag phase was observed 
in the onset of conjugation as reported in Chapter 2. Once foimned, the 
glucuronide conjugate egressed rapidly from the cells, whereas the 
sulphate conjugate persisted as the major conjugate within the cells.
The proportion of quinone in the hydrolysis products, following either 
deconjugation procedure, was the same (approx. 25^ of total radioactivity 
associated with 3-hydroxyBP and quinone). Therefore, it was concluded 
that this quinone formation occurred spontaneously during the isolation 
procedure and that quinone conjugates were not formed metabolieally.
This supports the findings of Nemoto & Gelboin (1976) that quinones are 
not substrates for UDP-glucuronyltransferase.
In another experiment, the levels of phenols and their sulphate and
CO
Q
COa
'•H
8
S[ 190 gOI/SOIGUld'
glucuronic acid conjugates formed on incubation of the hepatocytes 
with BP (SOUK) were determined by the fluorescence method (Chapter 2).
The distribution of metabolites between the cells and extracellular 
medium corresponded to that already described (Fig. 4.11). The 
maximal rates of formation of monohydroxyBPs and their glucuronic
6
acid and sulphate conjugates were 230, 99 and 64 p moles product/min/lO 
cells respectively.
Metabolism of 7,8-Dihydrodiol by Rat Hepatocytes
7,8-Dihydrodiol was rapidly taken up by the cells (Fig. 4.10 ).
The major part of the radioactivity in the incubate remained associated 
with the cells for the duration of the experiment (30 min). In total,
45$ of the radioactivity was extractable with ethyl acetate from the 
total incubate after 30 rain. This contained unmetabolised 7>8-dihydrodiol 
principally, which was distributed equaI?Ly between the cells and medium.
A  further metabolic product was resolved by t.I.e. analysis of the 
extract in chloroform — methanol (4 : 1 v/v). It was identified by 
its fluorescence characteristics as 7,8,9,10-tetraIiydrotetrol. This 
accounted for 3$ of the total, radioactivity in the extract, one-third 
of which was within the cells. (Fig. 4.12).
After extraction, the medium samples were subjected to the deconju­
gation procedures and the‘hydrolysed products analysed by t.l.c. (Fig. 4.13).
7,8-Dihydrodiol was conjugated with glucuronic acid and sulphate.
Marginally more glucuronic acid conjugate was formed (52$ at 30 min).
The tetrol also underwent conjugation with glucuronic acid and sulphate 
but sulphate conjugation was predominant (62$ at 30 min). In the water- 
soluble fraction of the extracellular medium the tetrol conjugations 
accounted for 58$ of the total radioactivity present, i.e. 33 p moles 
tetrol sulphate and 29 P moles of tetrol glucuronide were formed per
Fig. 4.12. Tracings of radiochromatograms of ethyl acetate soluble
metabolites in hepatocytes and medium following incubation with
7,8-dih3Tdrodiol for minutes. Solvent system = chloroform : methanol
Cells Medium
62x10
10x10
•5x10
2x10
tetroli-dihvdrodiol
Fig. 4.15. Water-soluble products from 7,8-dihydrodiol in the extrace 1lular
medium after 30 minutes incubation. Products were hydrolysed with ketodase. 
Solvent system.— chloroform :methanol (4 : 1 v/v).
3x10^
0
tetrol/,8-dihydrodiol
c p
in
10^ cells in 30 min, whereas 18 p moles and 28 p moles of 758-dihydro-
6
diol glucuronide and sulphate were formed per 10 cells, respectively.
The conjugates remaining within the cells were not analysed hut the level 
of non-ethyl acetate extractable material remaining within the cells 
after 30 min incubation was approximately one-third of that measured 
in the medium. This material contained unreleased conjugates but also, 
some covalently-bound metabolites could be present .
Me-tabolism of 9> lO-Dihyarodiol by Eat Hepatocytes.
The levels of radioactivity within the cells, attributed to
9,10-dihydrodiol and its metabolites, were considerably less than the 
levels observed in the metabolism of 3-hydroxyBP and 7,8-di'hydrodiol 
(Fig. 4.10 a & b). At no stage during the incubation did the level of 
radioactivity within the cells exceed that measured in the extracellular 
medium. Since virtually all the 9,10-dihydrodioi was metabolised within 
30 rain to water-soluble products, it was concluded that there Was no 
permeability rbarrier to theVuptake~of the dihydrodiol but that it was 
metabolised very quickly bj7 the cells and probably not retained within 
the cell through association with cellular constituents.
During the first few minutes of incubation, the ethyl acetate—
extractable material present within the cells was shown by ti.c.
analysis (Fig. 4.14) to be 9»10-dihydrodiol. After 30 min incubation
however, the proportion of dihydrodiol within the cells had markedly
decreased and most of the cellular radioactivity was associated with
another product migrating below the dihydrodiol (in benzene-ethanol (9 : 1
v/v), R = 21, Table 4.2). This product was elated from the appropriate 
BP
portion of the radiochromatogram with ethanol and its fluoresence
characteristics analysed. It was identified as 9,10-catechol (Booth 
& Sims, 1976). After 30 min incubation, 60fo of the intracellular 
radioactivity was associated with this product. By 60 min, little 
radioactivity (6.0fo of total added) was extractable from the cells 
with ethyl acetate. In the extracellular medium, both 9,10-dihydrodiol 
and 9,10-catechol were identified together with a product(s) which 
was not identified but which chromatographed at the origin in either 
chloroform : methanol (4 : 1 v/v) or benzene : ethanol (9 : 1 v/v) 
solvent systems. After 30 min incubation, the relative proportions 
of dihydrodiol, catechol and the unknown metabolites in the medium, 
were 36, 53 and 12fo respectively, (Fig. 4.14), but in total, these only 
accounted for 3fo of the total radioactivity in the incubate.
After 30 min, most of the 9,10-dihydrodiol had been converted 
into water-soluble products. 80 - 90fo of the total radioactivity was 
detected as water-soluble conjugates in the medium and approximately 
10^ was present as intracellular conjugates. After analysis of the 
hydrolysis products, it was concluded that the principal conjugate 
at 60 min was 9,10-catechol sulphate (60fo of total water-solubles) 
although 9,10-catechol was also conjugated with glucuronic acid to an 
appreciable extent (19^) (Fig* 4.15). 9,10-Di'hydrodiol was not readily
conjugated with glucuronic acid (2f0 ) or with sulphate (lfo ) per se.
A fluorescent hydrolysis product was observed on the radiochromatograms 
(Bk_ = 51/in benzene-ethahol (9 : 1 v/v), Fig. 4*15) which had not been 
present in the radiochromatograms of the free metabolites. This product 
when conjugated, contributed significantly to the total amount of 
conjugates in the medium (glucuronide conjugate 4Jo and sulphate 15$>) 
but its identity was not thoroughly investigated due to lack of time.
Fig. 4.14. Tracings of radioscans of thin-layer radiochromatograms
of ethyl acetate-soluble metabolites in*a) hepatocytes and b) extracellular
medium from an incubation with 9,10-dihydrodiol.
a) Cells b) Medium
30 min. 30 min
• l(k 10
.5x10
10 min 10 min 10x10
x 10
50x10
0 min. 0 min
x 10
tetrol(?)
9,10-dihydrodiol
9 ,10-eatechol
Solvent system. Chloroform : methanol (4 : 1 v/v)
Fig. 4.16.
Ethyl acetate-soluble metabolites in (a) hepatocytes and (b) extracellular
medium from a 15 minute incubation with 4,5-dihydrodiol.
4
2x10
10x10
35x10
0
4,5-dihydrodiol 
Solvent system; chloroform : methanol (4 : 1 v/v)
Fig. 4.15. Enzymic hydrolysis of water-soluble metabolites from
9,10-dihydrodiol. Water-soluble metabolites from extracellular medium
after 60 minutes incubation were hydrolysed with (a)ketodase and (b) 
sulphatase.
4
2x10
4
1x10
0 000
(?) 9,10-dihydrodiol
9,10-catechol
tetrol
Solvent system; benzene : ethanol (9:1 v M
Metabolism of 4,5-Dihydrodiol by Rat Hepatocytes
In this experiment,the further metabolites formed on incubation 
of the hepatocytes with 4,5-dihydrodiol?were analysed after 15 min 
incubation. At this stage, 28^ of the total radioactivity was associated 
with the cells. 44^ of the total radioactivity was extractable with 
eth}^! acetate from the total incubate, although the greater portion 
was present in the extracellular medium (28^ of total). The extracts 
were chromatographed' in the t.I.e. '.system, chloroform i methanol 
(4 : 1 v/v), and several products were resolved (Fig. 4.16).
The major product in the ethyl acetate extracts of the cells and 
medium (40^ and 49$ respectively of the ethyl acetate soluble metabolites 
present) was not known. It is possible that this is either the 4,5-catechol 
or a teirahydrotetroxy derivative as described by Moore et al. (197?)»
The identities of the other minor products are less predictable. More 
detailed study is obviously necessary to determine the identity of all 
the metabolites involved. 4,5-Dihydrodiol formed both glucuronide and 
sulphate conjugates, approximately two-thirds being the glucuronide. 
Conjugation of the metabolite, tentatively suggested to be a .catechol, 
also occurred but the amounts of conjugates formed were too low to 
quantitate.
PART A.
4.4. DISCUSSION
Rat hepatocytes incubated with [^Kj-BP. demonstrated a very 
rapid uptake of radioactivity into the cells which plateaued after 
5 min (Fig. 4.3). This coincided with a disappearance of radioactivit 
from the medium and the appearance in the cells and medium of a range 
of eih}7! acetate—soluble and water-soluble products. The Initial 
increase of radioactivity in the cells was due to uptake of BP but at 
the plateau^an equilibrium between the uptake of substrate and efflux 
of metabolites was achieved.
The major metabolite detected within the cells was 3-hydroxyBP 
(Fig. 4.6). ' This metabolite was barely detectable in the medium 
throughout the course of the incubation. The in vivo significance- 
of this intracellular accumulation of 3-hydroxyBP is at present 
uncertain?although it is interesting to note that the cytotoxicity 
produced by BP to cells in culture is believed to be due to the 
production of 3-hydroxyBP (Geiboin et al., 1969).
It is not clear from our experiments whether the formation of 
quinones arises raetaboiicaliy or as an artifact during isolation. If 
some of these quinones arise metabolically,it is expected that such 
metabolites would accumulate within cells, awaiting further reductive 
or oxidative metabolism, since quinones such as benzo(a)pyrene-l,6- 
and 3,6-quinones do not form glucuronic acid conjugates when incubated 
with a liver microsomal system fortified with UDP—glucuronic acid?as 
they are not substrates for UDP-glucuronosyl transferase (Neraoto, 
Geiboin, 1976). Geiboin et al. (1977) has suggested that quinones may
undergo redaction followed by sulphate conjugation to facilitate their 
removal from the liver. It was not possible to predict whether this 
occurred in the present experiments since the hydrolysis products 
released by the deconjugalion procedures.would presumably be phenols 
or diols which were not resolved in the t.l.c. separations employed.
The presence of metabolically formed quinones within the cell, however, 
may be partially responsible for the cytotoxicity attributed to 3~ 
hydroxyBP.
The 3-hydroxyBP produced by the hepatocytes was further metabolised 
to both glucuronic acid and sulphate conjugates. Benzo(a)pyren-3-yl 
hydrogen sulphate was identified as a major ethyl acetate extractable 
metabolite formed from BP by isolated rat hepatocytes. This is in 
agreement with the observations of Cohen et al. (1976), who observed 
that this metabolite was also formed by short-term organ cultures of 
rat, hamster and human lung. Of particular interest were the experiments 
using the fluorescence assay (Fig. 4.11) which showed that benzo(a)pyren-> 
3-yl hydrogen sulphate was concentrated in cells to a far greater extent 
than would be expected based on its lipophilicity alone. This was 
supported by the results in the experiments using radioactivity, when 
proportionally greater amounts of radioactivity associated with metabolites 
migrating near the origin v;ere found within the cells (Fig. 4.5 and 
Table 4.4) than would be expected due to their lipid solubility. However, 
it must also be remembered that the metabolites migrating near the origin, 
in the solvent system used (benzene : ethanol 9 : 1 v/v) in the present 
experiments, will include known metabolites such as sulphate esters of 
monohydroxybenzo(a)pyreaes, and 7>8,9} 10-tetrahydrotetro.l as well as other 
as yet unidentified metabolites. In a solvent system chloroforra-methanol 
(4 : 1 v/v), this material is further resolved into two peaks (Table 4.2).
Benzo(a)pyrene-3-yl hydrogen sulphate migrated from the origin of the 
chromatogram. The material remaining at the origin constituted 
approximately Ifo of the. total ethyl acetate soluble metabolites, 
however the peak containing benzo(a)pyren-3-hy hydrogen sulphate was 
probably not pure owing to the presence of other sulphate conjugates.. 
Benzo(a)pyren-3-yl hydrogen sulphate formed within the cells may 
itself he biologically active or it may be further metabolised by the 
microsomal mixed function oxidase system to active or inactive 
metabolites, e.g. it may be split by salphohydrolases present in 
tissues, thus acting as a reservoir for 3-hydroxyBP. The 3-hydroxyBP 
thus formed may then be activated to a form which binds to DNA 
(Capdevila et al., 1975)*
The 3-3iydroxy3P formed from BP within the hepatocytes, was also 
metabolised to the glucuronic acid conjugate. This was demonstrated 
by the fact that 3-hydroxyBP was released from the water-soluble 
metabolites in.the medium following enzymic hydrolysis with (3-glucuronidase 
and identified from its fluorescence characteristics after benzo(a)— 
pyren-3-yl hydrogen sulphate was first removed by ethyl acetate 
extraction.
Recent studies using high pressure liquid chromatography to 
separate BP metabolites have s h o w  that rat liver microsomes can form 
four monohydroxybenzo(a)pyrenes. 3-HydroxyBP has been identified as 
the major metabolite with smaller amounts of l-,7- and 9-hydroxyBP 
also observed (Selkirk et al., 1976a). These monohydroxybenzo(a)pyrenes 
will also form sulphate esters (Cohen et a1., 1977) and glucuronides 
(Nemoto & Geiboin, 1976). As the t.l.c. system used in the present study 
will not resolve these different monohydroxybenzo(a)pyrenes}it is
possible that small amounts of glucuronic acid and sulphate conjugates 
of other monohydroxybenzo(a)pyrenes^beside 3-hydroxyBP;were also present.
Significant levels of the glucuronic acid conjugate of 3-hydroxyBP 
were not found in the extracellular medium until after 5 minutes 
incubation. As the glucuronide was not detectable in the cells at 
any stage during the incubation, this lag in its appearance in the 
medium must be due to a delay in its formation rather than to a delay 
in release from the cells. This lag can be interpreted as indicating 
that activation of the required UBP-glucuronosyltransferase by the 
newly-formed Phase I metabolite must first occur or that rechanneling 
of UDP-glucuronic acid is required for the conjugation process. This 
was previously discussed in Chapter 2.
Marked differences were also observed in the distribution of 
dihydrodiols between the cells and the extracellular medium (Fig. 4*5).
The retention of 4,5- and 7 ,8-dihydrodiols within the cells was 
significantly greater than for 9>10-dihydrodiol, particularly if the 
results for the cells were calculated on a unit volume basis (Table 4.3)o . 
In these calculations, 2 x 10^ hepatocytes occupied a packed volume of 
8 p.1 (based on the assumption that each hepatoeyte was a sphere of mean 
diameter 22 p.) in an incubation containing 1 ml extracellular medium.
This assumption was validated by experiment by Dr. D . Reed (personal 
communication). It is unlikely that the obsei~ved differences in 
dihydrodiol retention can be explained simply in terms of the relative 
partition coefficients of the respective dihydrodiols, whieh;if calculated 
using the Hansch method; are essentially the same (Leo et al., 1971).
It is possible that the differences in dihydrodiol retention within the 
cells may be related to their affinities for intracellular binding 
proteins or lipid membranes.
These possibilities were investigated in collaboration with 
Drs. Tipping and Ketterer. The degree of noncovalent binding of 
BP and its hydroxylated metabolites to the major hepatic soluble 
proteins }namely ligandin (Litwack et al.? 1971) and protein A  (Ketterer 
e_t_a_l., 1976). and to phosphatidylcholine bilayers (liposomes); was 
studied using equilibrium dialysis techniques. The results are 
presented in Table 4.5. In each case, the binding was reversible i...e. 
noncovalent. The results for BP were slightly anomalous possibly 
due to self-association of the BP in solution. Comparing the results 
for the metabolites, however, the affinities of the metabolites for 
ligairdin are approximately equal but 9,10-dihydrodiol and 9,10-catechol 
exhibit a considerably reduced affinity for the liposomes and protein A. 
Since hydrogen bonding occurs both between the metabolites and their 
aqueous surrounds, their binding to the liposomes and proteins probably 
involves hydrophobic interactions. It may be envisaged that in the case 
of 9,10-dihydrodiol and 9,10-catechol, the oxygen atoms are relatively 
central t> the BP nucleus and this may affect the orientation of the 
metabolite within the bilayers. The principal,potential intracellular 
binding material in hepatocytes is the phospholipid component of the 
membranes (Davies et al., 1942). On the basis of the relative binding 
affinities given in Table 4.5, one would expect 9,10-dihydrodiol and
9,10-catechol to be least retained by the hepatocytes. This was observed 
in the BP incubations with isolated hepatocytes. When 9,10-dihydrodiol 
was incubated with the hepatocytes, the intracellular levels of radio­
activity were consistently lower than those observed with 3-hydroxyBP 
and 7,8-dihydrodiol. 9,10-Dihydrodiol was readily taken up by the cells, 
thus the cell membrane was not impermeable to the dihydrodiol. Metabolism 
proceeded very rapidly and the products were released from the cells, 
neither substrate nor products were ’stored’ by the cells. Intracellular
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binding of the substrate would reduce the effective concentration 
at the enzymic active site and product binding could result in feed­
back inhibition of the reaction. This clearly does not occur with
9,10-dihydrodiol. Its lower affinity for phospholipid components 
renders it less likely to interact with membrane—bound enzymes. In 
the present study, 9,10-dihydrodiol did not undergo significant further 
oxidative metabolism to ^ tetrahydrotetroL nor conjugation with glucuronic 
acid (both are membrane-bound systems) but was rather metabolised by 
a dehydrogenase system which could be soluble or microsomal.
Enzymic hydrolysis with (3-glucuronidase, of the water-soluble 
metabolites in the medium;after incubation of the hepatocytes with BP ? 
yielded ethyl acetate—soluble metabolites which co-chromatographed 
with 3-hydroxyBP and 4,5-dihydrodiol (Fig. 4.7a) but little or no 
radioactivity co-chromatographed with 9,10— and 7,8-dihydrodiol although 
some metabolite(s) with associated radioactivity, chromatographed very 
close to and just prior to 9,10-dihydrodiol (region I, Fig. 4.7a).
These observations, in agreement with the relative rates of glucuronic 
acid conjugation of 3-hydroxyBP and 4,5-, 7,8- and 9,10-dihydrodiols 
using microsomes from rat liver fortified with UDP-glucuronic acid,
^Nemoto & Geiboin, 197&), demonstrate that the glucuronic acid conjugates 
of 3-hydroxyBP and 4,5-dihydrodiol are the major water-soluble metabolites 
of BP formed by isolated hepatocytes.
When 4,5-dihydrodiol was incubated directly with the hepatocytes, 
in a preliminary experiment, the major product was 4,5-dihydrodiol 
glucuronide although substantial amounts of the sulphate conjugate 
were also formed. This confirms the report of Nemoto et a l ., (1977) 
in which 4,5-dihydrodiol was shown to possess a good ability to conjugate
with sulphate. The sulphate conjugate was probably not detected in 
the hepatocyte incubations with BP as the levels were below the limits 
of detection. The results obtained with isolated hepatocytes in the 
present study are also in fairly good agreement with the findings of 
Cohen & Moore, (l977) who studied the metabolic fate of BP and its 
metabolites using short-term organ cultures of hamster lung. Then BP 
was metabolised to water-soluble metabolites which on enzyme hydrolysis, 
yielded ethyl acetate-soluble metabolites which co-chromatographed with 
3-hydroxyBP, 4,5- and 7,8-dihydrodiols, but little or no 9,10-dihydrodiol 
was observed. 4,5-Dihydrodiol was metabolised to a glucuronic acid 
conjugate with little or no sulphate conjugate formed (Moore et a l ., 1977) 
and 7,8-dihydrodiol was metabolised to an ethyl acetate— soluble metabolite 
identified as 7,8,9,10-tetrahydrotetrol and to a water-soluble conjugate, 
most likely a glucuronic acid conjugate. No glucuronide of 9,10—dihydro--. 
diol was observed (Cohen & Moore, 1977)• The only slight inconsistencies 
in the results obtained with short-term organ cultures of lung and 
the present study appeared to be that in the hepatocytes little or no
7,8-dihydrodiol was conjugated and possibly small amounts of a conjugate 
of 9,10-dihydrodiol were also observed. In order to try and resolve 
these discrepancies, some preliminary incubations of isolated rat 
hepatocytes with 7,8—  and 9?lO-dihydrodiols were carried out. In 
these experiments 7,8-dihydrodiol was metabolised both to. an ethyl 
acetate-soluble metabolite which co—chromatographed with, and had similar 
excitation and emission spectra to, 7,8,9,10-tetrahydrotetrol and to 
water-soluble metabolites, identified as the glucuronic , acid and 
sulphate conjugates of 7,8-dihydrodiol and of the tetrahydrotetrol.
9.10-Dihydrodiol was metabolised by isolated hepatocytes to water- 
soluble metabolites which have been identified as the glucuronic acid 
and sulphate conjugate of the 9,10-catechol, whereas little
9.10-catechol and 7,8,9,10-tetrahydrotetrol were observed as ethyl
acetate-soluble metabolites. The principal metabolic fate of
9.10-dihydrodiol in the intact hepatocyte would, therefore, appear
to be conversion to its catechol followed by rapid conjugation. This 
pathway would then explain part of the results of enzymic hydrolysis 
of the water-soluble metabolites from the hepatocytes and benzo(a)— 
pyrene (Fig. 4.7a), i.e. (i) the presence of little or no 9,10-dihydrodiol 
and (it) the presence of a metabolite(s) in the region migrating just 
behind 9,10-dihydrodiol (Region I, Fig. 4.7a) as this is the area 
where 9,10-catechol migrates in this solvent system (benzene : ethanol 
9 : 1 v/v). The reason for the presence of little or no 7,8-dihydrodiol, 
following enzymic hydrolysis of the water-soluble metabolites of the 
medium from hepatocytes incubated with BP is not clear. It is possible 
that most of the 7,8-dihydrodiol formed metabolicaliy from benzo(a)— 
pyrene is metabolised to the tetrahydrotetrol or by some yet unidentified 
pathway. The formation of significant amounts of 7,8,9,10-tetrahydro­
tetrol from 7,8-dihydrodiol,whilst from 9,10-dihydrodiol, 9,10-catechol 
was mainly formed, is consistent with the observations of Booth and 
Sims (1976) using isolated liver microsomes to study the metabolic fate 
of these dihydrodiols. The formation of 7,8,9,10-tetrahydrotetrol from
7,8-dihydrodiol also suggests that some of the ethyl acetate— soluble 
metabolites, from BP which migrate at or near the origin in the solvent 
system, benzene : ethanol (9 : 1 v/v) (Fig. 4.5) may contain this 
tetrahydrotetrol as well as benzo(a)pyren-3-yl hydrogen sulphate 
together with other^as yet unidentified;metabolites.
It is of interest to note formation of 7,8,9,10-tetrahydrotetrol 
from 7,8-dihydrodiol;thus indicating that hepatocytes are capable of 
producing the diolepoxide, 7,8-dihydro-7,8-dihydroxybenzo(a)pyrene
9.10-oxide, the postulated ultimate carcinogen of BP (Sims et al., 1974;
Newbold & Brookes, 1976). The possibility therefore exists that
7,8-dihydrodiol retained within hepatocytes may act as a ’store' 
of slowly released metabolite, capable of being metabolised to the 
ultimate carcinogen,
Since the 9,10-dihydrodiol was the major ethyl acetate-soluble 
product formed by the cells, it is necessary to consider the possible 
significance of the metabolism of 9,10-dihydrodiol to its diolepoxide,
9,10-dihydro-9,10-dihydroxybenzo(a)pyrene 7,8-oxide. In the light of 
our findings with isolated hepatocytes we consider this pathway to be 
of relatively minor significance because; a) newly-formed 9,10- 
dihydrodiol is readily eliminated from the hepatocytes and b) the 
dihydrodiol remaining in the cells is metabolised to the 9,10- 
catechol which is then conjugated and eliminated. In similar experiments 
with short-term organ culture of hamster lung, 9,10-dihydrodiol was 
metabolised to a small extent, presumably via diolepoxide, to 7,8,9,10- 
tetrahydrotetrol. Little or no 9,10-catechol was found as an ethyl— 
acetate soluble metabolite but small amounts of unidentified water- 
soluble metabolites were obtained (Cohen &  Moore, 1977). A  major 
portion of thesa minor unidentified water-soluble metabolites have 
subsequently been identified as the glucuronide conjugate of 9,10- 
catechol (Moore and Cohen, unpublished observations). As the formation 
of the 9,10-catechol from.9,10-dihydrodiol appears to be much slower 
in lung tissue than in hepatocytes, it is possible that more diolepoxide 
may also be formed from 9,10-dihydrodiol in lung tissue than in liver.
Whilst much of the above discussion has emphasised the relative 
retention within the hepatocyte of 3-hydroxyBP, quinones and 7,8- and
4,5-dihydrodiols, it may also be of significance that such metabolites 
can escape into the medium (Table 4.3). Release of small amounts of
metabolites from the hepatocyte in vivo may be of biological 
significance. 7,8-Dihydrodiol, a proximate carcinogen, released 
from the liver, a relatively insensitive organ to hydrocarbon 
carcinogenesis, may be taken up by other more susceptible tissues 
such as lung, where the dihydrodiol may be converted to the ultimate 
carcinogen. In these experiments using hepatocytes it is not possible 
to discern whether metabolites found in the medium could reach the 
systemic circulation or be excreted in the bile in vivo. In in vivo 
experiments with rats injected with BP, only very small amounts of 
ethyl acetate-soluble metabolites were excreted in the bile, i.e. no
7,8- 4,5- and 9,10-dihydrodiols or 3-hydroxyBP and only small amounts 
of benzo(a)pyren-3-yl hydrogen sulphate were excreted in the bile 
(Haws & Cohen, unpublished dobservations). As these ethyl acetate 
extractable metabolites are releasable from the liver but not readily 
excreted, they could reach other tissues by the systemic circulation 
and be further metabolised to more toxic entities.
In this study we have also demonstrated the novalent binding of 
BP metabolites with cellular constituents (Fig. 4.9). The nature of 
these metabolites and the consequence of this binding has not been 
investigated in this study,but such covalent binding and the factors 
affecting it may be of importance in the process of tumour initiation.
In conclusion, this s-tudy has demonstrated that BP is extensively 
metabolised by viable hepatocytes isolated from untreated rats to give 
a wide range of Phase I and Phase II metabolites. Certain of these 
metabolites (notably 3-hydroxyBP and its sulphate ester, benzo(a)- 
pyren-3-yl hydrogen sulphate, and the 4,5- and 7,8-dihydrodiols) are 
selectively retained by the hepatocytes possibly by binding to
intracellular binding proteins or lipid membranes. Whilst the in vivo 
significance of this selective metabolite retention by the hepatocytes 
is uncertain, it is possible that it may lead to the maintenance of 
high intracellular levels of substrates capable of being metabolised 
to the ultimate carcinogen. Finally, as isolated rat hepatocyte 
suspensions have been clearly shown in the present study to be of 
great value in studying the metabolism of benzo(a)pyrene, it is to 
be hoped that use of similar cell systems derived from different 
tissues and species,and the influence of various drug metabolism 
inducers and inhibitors on therrijwill lead to a greater understanding 
of the tissue and species differences in benzo(a)pyrene carcinogenicity
PAET B.
THE METABOLISM OF BENZO (a )PYRENE BY HEPATOCYTES 
ISOLATED FROM THE ADULT HAMSTER & FERRET.
4.5. A RESULTS
Three separate experiments vere carried out for each species
but the results presented here;were taken from one typical experiment
in each case. After incubation of the isolated hamster and ferret 
r %
hepatocytes with [ Hij-BP (80 3 the viability remained greater than
80^, as assessed by the exclusion of trypan blue.
Uptake £  Release of BP by the Hepatocytes.
The time course of the distribution of radioactivity between the 
hepatocytes and extracellular medium during the 90 minute incubation 
is shown in Fig. 4.17 a & b). In the ferret, BP was rapidly taken up 
by the hepatocytes although a maximal level of radioactivity was not 
achieved in the cells until 30 minutes incubation. After 5 minutes 
incubation, 17 n moles of BP plus associated metabolites were detected
in the total incubate per 10^ cells (i.e. 42^ total radioactivity) and
6 * 
after 30 minutes, 27 n moles per 10 were measured (67^ total radio­
activity). Proportionately more radioactivity was associated with the 
hepatocytes during most of the incubation. In contrast, in the rat,
Fig. 4.3, maximal levels of radioactivity were reached within 5 minutes 
and thereafter the proportion of radioactivity within the cells declined. 
At no stage during the incubation with hamster hepatocytes, however, 
did the levels of radioactivity associated with the cells exceed that 
of the medium,maximal levels of radioactivity associated with the 
hepatocytes did not exceed 34^ of the total, i.e. 11 n moles per 10^ cells
Fi
g.
 
4.
17
. 
Ti
me
 
co
ur
se
 
of
 
th
e 
di
st
ri
bu
ti
on
 
of
 
r
a
d
i
o
a
c
t
i
v
i
t
y
.a
ss
oc
ia
te
d 
wi
th
 
he
pa
to
cy
te
s 
(c
lo
se
d 
s
y
m
b
o
l
s
)
>>o
.Q-
co
a>p
tn
C
o
•H
P
co
'g
aa•H
fiO
tn
r—i -
o
s
tn
SCJ
■ a. 
o
3•H
T3
<Us
co
o
o
.o
00
-o
o
o
p
o
o 0
01oCO
oo
o
^^TAT^oeoipej: xe^ .o^ . aSexuao-xaj
■o
O'
.o
CO
o
—vO
o
a>p
tn
S
co
o
'CM
CO
oo
CO
o oo
o
o
CM
^iiAixoooipej; x8lo:F aSexuaouad
In
cu
ba
ti
on
 
ti
me
 
(m
in
.)
 
In
cu
ba
ti
on
 
ti
me
 
(m
il
l.
Fi
g.
 
h
.l
&
. 
Ti
me
 
co
ur
se
 
of
 
th
e 
pe
rc
en
ta
ge
 
of
 
th
e 
ra
di
oa
ct
iv
it
y 
in 
th
e 
ex
tr
ac
e
l
l
u
l
a
r
 
me
di
um
 
as
so
ci
at
ed
 
w
i
t
h
 
et
hy
l 
a
c
e
t
at
e-
s
ol
u
bl
e
 
me
ta
bo
li
te
s 
( 
©
—
© 
),
 
w
a
te
r-
s
ol
u
bl
e
 
me
ta
bo
li
te
s 
( 
□
—
«□ 
) 
an
d 
un
ch
an
ge
d 
DP
 
( 
A
co
o
M
OO O
CM
OVOOGOOO
Ai^oeoipBa aSe^uabaed
o
o
o
o
CM
oo
CM
o
VO
X^iA i^oeoTpBU iB^o^. * oSe^uooaOcl
o
00oo
The half-life (t.-jj) of BP in the isolated hepatocytes was 
determined as described previously for rat hepatocytes, for which t_i
O
of 53 minutes was found, and values of 60 minutes and 77 minutes for 
ferret and hamster hepatocytes, respectively, were obtained.
Examination of the distribution of radioactivity in the medium 
alone, Fig. 4.18, showed that approximately 75^ of the radioactivity 
present at 90 minutes for the hamster and the ferret, was associated 
with both ethy1-acetate soluble and conjugated metabolites whereas 
metabolites in the medium from the corresponding incubations of rat 
hepatocytes, contributed greater than 90^ of the total radioactivity 
(Fig. 4.4). In the hamster however, it was evident that a slightly 
greater proportion of the metabolites in the medium (approximately 85fo) 
was water-solubles, i.e. conjugates, than in the ferret, (75^) and 
rat (80^).
Analysis of the Ethyl Acetate-Soluble Metabolites
The distribution of the ethyl acetate—soluble metabolites during
the incubation is shown in Figs. 4 . 1 9 --  4.22. The principal product
intracellularly in the hamster was a quinone, most probably the 3*6— 
quinone arising from either 3-hydroxyBP or 6-hydroxyBP. Both of the 
quinone and 3-hydroxyBP were present at higher ;levels in the cells 
than extra cellular ly. 65$ of the unconjugated phenol and 73 $ of the 
quinone formed, were measured within the cells after 90 minutes 
incubation. The principal dihydrodiol formed was 4,5-dihydrodiol which 
again was measured at higher levels within the cells (65$ at 90 minutes) 
than the medium. 9>10-Dihydrodiol and mixture of products located at 
the origin after thin-layer chromatographic separations (probably
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Fig. 4.20. Tracings of radioscans'of thin-layer radiochromatograms of 
ethyl acetate-soluble metabolites in (a) hepatocytes and (b) extracellular
medium, following incubation of BP with hamster hepatocytes.
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Fig. 4.22.
Tracings of radioehromatograms of ethyl acetate-soluble metabolites 
formed by ferret hepatocytes on incubation with BP for 60 minutes.
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Solvent system benzene : ethanol (9 : l)
principally benzo(a)pyren-3-ylhydrogen sulphate) passed more readily 
into the extracellular medium^ (Fig. 4.20).
In the hamster, 4,5-dihydrodiol was the major free dihydrodiol 
formed in the incubate at DO minutes (Table 4.6) whereas 9>10-dihydro- 
diol was the major in the rat and ferret.
Table 4.6,
Relative Percentage of Each Dihydrodiol In the Total Incubate
at 6q Minutes.
4,5-D ihvd ro d i o1 7,8-Pihydrodiol 9»lO-Dihydrodiol
Rat
Hamster 
Ferret
In the ferret, 3-hydroxyBP was the major ethyl acetate-soluble 
product intracellularly but there was far less conversion to quinone 
than in the hamster. At the end of the incubation, the unconjugated 
phenol was distributed evenly between the cells and medium, whereas 
approximately 70$ of the 7,8-dihydrodiol formed and greater than 80$ 
of the other ethyl acetate-soluble metabolites formed, had egressed 
into the extracellular medium^ (Fig. 4.22).
Analysis of Water-Soluble Metabolites.
After 60 minutes incubation, approximately 32$ of the metabolites 
formed on incubation of BP with ferret hepatocytes, were converted to 
water-soluble conjugates whereas in the hamster and rat, 40$ and 58$ 
respectively, of the metabolites formed were water-solubles. (Table 4.7)o
33$ 13$ .53$
65$ 12$ 23$
37$ 17$ 46$
Hydrolysis of the -water soluble conjugates in the extracellular medium
from hamster hepatocytes after 90 minutes incubation with BP.
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10 x 10
10 x 10
A
BP quinone 4,5-dihydrodiol
phenols 7,8-dihydrodiol
II I
9,10-dihydrodiol
I 1
9,10-catechol
'  I
unhydrolysed material 
e.g. sulphate conjugates
a) ketodase hydrolysis
b) buffer alone
Solvent system- benzene : ethanol (9 : 1 v/v)
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Amounts of phenols and dihydrodiols produced from BP 
in a 6p minute incubation by rat, hamster and ferret
hepatocytes.
Amounts of metabolite
Metabolite
Rat • Hamster Ferret
9,10-dihydrodioi 1.68 (20fo ) 0.31 (8 f c ) 1.14 (19$)
7,8-dihydrodiol 0.50 (6$) 0.15 (4£) 0.42 (7$)
4,5-dihydrodiol 1.35 (16$) 1.09 (30fo ) 0.93 (15$)
phenols 4.89 (58$) 2.14 (58f ) 3.61 (59?)
total/free
metabolites
3.50 (42$) 2.25 (60^) 4.11 (68$)
total of 
conjugates
; ...
4.92 (58$) 1.44 (40^) 1.98 (32$)
overall total 8.42 '(IOO56)' 3.69 (loojS) ■ 6.09 (100$)
Each amount is expressed in nmoles/10^ cells, with its percentage of 
the total metabolites given in parenthesis. For each value, the 
proportion of metabolite in the cells and medium were added together.
In the hamster and ferret, the principal ethyl acetate-soluble 
product released following treatment of the water-soluble products 
with deconjugating enzymes, was 3-hydroxyBP, although significant 
amounts of 4,5-dihydrodiol were also present. Less amounts of radio­
activity chromatographed with 7?8-dihydrodiol and 9,10-dihydrodiol 
although in the latter case, this radioactivity may, in fact, be 
associated with the 9? lO-catechoI but the t.I.c. svrstems employed 
did not permit an adequate resolution of the 9,10-dihydrodiol and
9.10-catechol to be made.
In the ferret, the conjugates were hydrolysed with crude 
(3—glucuronidase and therefore it was not possible to determine the 
relative proportion of glucuronic acid and sulphate conjugates present.
In the hamster, however, the water-soluble products were 
separately hydrolysed with ketodase and sulphatase enzymes and the 
released products identified.
3-HydroxyBP was found to be conjugated predominantly with glucuronic 
acid, i.e. the ratio of glucuronide : sulphate present at 90 minutes was 
4 : 1. The dihydrodiols were also conjugated predominantly with 
glucuronic acid. The relative proportion of glucuronic acid conjugate 
to sulphate conjugate formed was 8 : 1 for 4,5-dihydrodiol, 4 : 1 for 
7,8-dihydrodiol and 7 i 1 for 9»10-dihydrodiol, although as mentioned 
before, this latter band may contain a mixture of 9,10-dihydrodiol and
9.10-catechol. (Fig. 4.23).
Covalently bound metabolites
The proportion of radioactivitybound to ferret hepatocyte macro­
molecules was investigated and shown to increase with time. After 
60 minutes incubation, approximately 0.5^ of the added radioactivity 
was bound to cellular material. Unfortunately there was insufficient 
material to permit the studies in hamster hepatocytes to be carried 
out.
PART B
4.6. DISCUSSION
BP was extensively metabolised by hamster and ferret hepatocytes.
The metabolic profiles obtained were essentially similar for the two 
species and also comparable to that reported in Part A  for rat 
hepaiocytes. However, variations in the ratio of metabolites formed 
by each species vere observed and also in the distribution of the 
metabolites between the cells and extracellular medium. The methods 
of resolution and: identification employed in this study, however, only 
enabled the principal metabolites to be determined, differences may 
also exist in the nature of the phenolic compounds produced by each 
species or in the pattern of further oxidative metabolites and minor 
conjugates produced, which were not discernible in these studies.
BP was very rapidly taken up by the rat hepatocytes with maximal 
levels reached within 5 minutes. As metabolism proceeded, the proportion 
of total radioactivity associated with the hepatocytes decreased 
(Fig. 4*3). In the ferret, however, maximal levels of radioactivity 
were not measured within the hepatocytes until 30 minutes incubation 
(Fig. 4.1?). This suggested that the uptake and/or metabolism of BP 
by ferret hepatocytes was slower than in the rat. However, the activity 
of the mixed function oxygenase, as determined by the production of
3-hydroxyBP (Chapter 2) was similar in both species, therefore the 
retention of radioactivity may possibly be caused by the relatively 
less efficient phase 2 systems in the ferret hepatocytes (see discussion 
of Chapter 2). Analysis of the distribution of radioactivity in the 
extracellular medium, showed that the proportion of water-soluble 
metabolites, i.e. conjugates, released from the hepatocytes was lower
in the case of the ferret than in the rat and hamster (Fig. 4.18;
Table 4.7). This indicates further, the relatively poorer ability of the 
ferret hepatocytes to carry out phase 2 conjugations with glucuronic 
acid and sulphate.
In the hamster, the level of radioactivity associated with the 
hepatocytes did not exceed that measured in the medium during the 
incubation. In Chapter 2, the hamster vas shown to be relatively slow 
at metabolising BP to 3-hydroxyBP (Table 2.12) which implied that 
BP was generally not a good substrate for the hamster mixed function 
oxygenase(s). However, the findings of the present study suggest that 
the matter is more complicated than this. The conversion of 3-hydroxyBP 
to quinone, presumably the 3,6-quinone, was very high in the hamster 
hepatocytes and therefore the determination of 3-hydroxyBP alone is not 
a good measure of the overall cellular oxidative metabolism of BP. The 
phase 2 conjugation systems were more active in the hamster cells than 
in the rat or ferret. For example, 40$ of the 4,5-dihydrodiol produced 
by the hamster hepatocytes was conjugated with glucuronic acid or 
sulphate at 60 minutes, whereas only 8$ was conjugated in the ferret 
hepatocytes. Similarly, 17$ of the 7,8-dihydrodiol formed was conjugated 
in the ferret. These results suggest that the phase 1 oxidase activity 
of the hamster may not necessarily be as low with respect to BP as 
previously thought, the low levels of radioactivity within the cells 
more probably result from the rapid conjugation and elimination of the 
phase 1 metabolites which prevents any overall accumulation of radio­
activity within the cells. Also, the pattern of metabolites in the 
extracellular medium of the hamster cells contained a higher proportion 
of conjugated metabolites (Fig. 4.18) than observed in the other two 
species.
In the ferret, the pattern of ethyl acetate-soluhle metabolites 
was very similar to the rat. The ratio of dihydrodiols formed was the 
same in the two species. It was notable xhat metabolites did not 
accumulate in the ferret cells to the same extent as in the rat but it 
is unlikely that the ferret hepatocytes were more leaky,since the initial 
viabilities of the cells were the same and did not decrease in either 
species,following incubation with BP for 2 hours. It could have been 
envisaged that such metabolites would accumulate within the ferret 
cells since the conjugating systems were not sufficiently active to 
readily convert the phase 1 metabolites into more water-soluble products. 
Therefore, ferret hepatocytes appear to differ from rat hepatocytes in 
some respect?such as the availability of binding proteins or in certain 
membrane characteristics, which enables the primary metabolites to egress 
more readily from the cells without further metabolism.
The amount of radioactivity (0.5$ of total) covalently bound to 
cellular constituents in the ferret hepatocytes,was considerably less 
than that observed in the rat (3$). Without further study, it is not 
possible to state whether the rat produces a greater amount of the 
active binding species or whether other factors are involved.
In the hamster, the major intracellular product was a quinone which 
was tentatively identified as 3>6-quinone from its chromatographic 
behaviour and characteristic red fluorescence. In the rat studies,the 
origin of the quinones was suggested as an experimental artifact during 
isolation. However, the level of quinone formation in the hamster 
greatly exceeds that in the rat and ferret, although the experimental 
work-up procedures were identical in each case. This suggests that in 
the hamster, at least, some enzymic action may be involved. In contrast
our findings, Selkirk et al. (1976p) reported that lower amounts of 
quinone were produced by hamster liver microsomes than rat microsomes. 
(Sprague Bawley strain). These animals were induced with 3-methyl— 
cholanthrene and obviously, only the microsomal enzymes were involved 
but whether therein lies the cause of the discrepancy, is not known.
The cytotoxicity attributed to 3-hydroxyBP («3elboin et alr, 19^9) may 
be partially caused by the quinones, therefore it would be interesting 
to investigate this in a comparative study to determine whether 
cultured adult hamster hepatocytes are more susceptible to BP toxicity.
It would be necessary first of all, however, to improve the culturing 
techniques for hamster hepatocytes (see Chapter 2).
The major dihydrodiol formed in hamster hepatocytes was 4,5— 
dihydrodiol. This is in agreement with results from microsomal 
studies (Borgen et al., 1973; Wang et al., 197^; Selkirk et al., 1976b).
In these studies, approximately 7-fold more 4,5-dihydrodiol was produced 
relative to 7,8-dihydrodiol and to 9,10-dihydrodiol formation, which 
were formed in approximately equal amounts. The same ratio of 
dihydrodiol formation was observed in the present study, when the amounts 
of free and conjugated dihydrodiol formed, were summed together 
(Table 4.7). In the study by Wang et al. (1974), 25^ of the BP metabolites 
formed, was 4,5-dihydrodiol, the figure was 30^ in the present study 
(Table 4.7). It is interesting that the ratio of dihydrodiol formation 
in human liver microsomes (Selkirk et^al., 1975) resembles that observed 
in the rat and ferret hepatocytes whereas the ratio in rhesus monkey 
liver microsomes (Hundley & Freudentha1,19775 Leber et a l ., 1976) more 
closely resembles that of the hamster hepatocytes (Table 4.7). It is 
important to determine the metabolic profiles of BP in different species 
and tissues, as this could lead to an understanding of the observed
susceptibility or refractory behaviour of various species and tissues 
to BP-induced toxicity and carcinogenicity.
In the hamster and ferret, the principal product released, 
following hydrolysis of the conjugated metabolites, was 3-hydroxyBP 
although 4,5-dihydrodiol was also a major product in the hamster.
The principal route of conjugation in the hamster was the glucuronic 
acid pathway but unfortunately this could not be determined for the 
ferret. The thin-layer chromatographic separations of the hydrolysis 
products from these species, were not -well resolved in the region 
where 9,10-dihydrodiol and 9 }lQ-cateehol are found. Therefore, it 
was not possible to ascertain the relative extent of their conjugation^
In conclusion, these studies have demonstrated the'potential value 
of the whole cell model for the comparative study of the metabolism 
of a compound such as BP in different species. Not only may the 
total metabolic profile and inter-relationship between phase 1 and 
phase 2 metabolism be studied, but the influence of other factors 
such as cell membrane permeability and intracellular binding can be 
considered.
CHAPTER 5
CHAPTER 5
PRELIMINARY STUDIES ON THE USE OF LIVER CELL CULTURES 
TO STUDY THE METABOLISM & BIOLOGICAL 
EFFECTS OF EENZO(a)PYRENE
5,1* INTRODUCTION
5.1.1. Foreign Compound Metabolism in Cultured Hepatoc;/tes .
The maintenance of adult mammalian hepatocytes in primary monolayer 
cultures is a potentially useful model for investigation of the specific 
mechanisms of action of toxic substances. In vivo experiments are 
long and costly and often the results are also complex. The viability 
of cell suspensions, however, is not long enough to enable the effects 
of the metabolism on many cell functions to be studied., but appropriate 
cell culture systems, with a longer useful time period, offer such 
an opportunity. Two important factors have to be considered, however, 
if the findings from cell cultures are to be relevant to the in vivo 
situation. Firstly, the cells in culture must be representative of 
those in the organ of origin in vivo and secondly, the biological 
Changes measured must be related to the mode of toxicity of the compound 
in vivo.
Foetal liver cells and liver-derived cell lines may give a misleading 
picture of the adult state particularly with respect to the metabolic 
pattern. Owens & Nebert (1975) have shown that the predominant 
haemoprotein mixed function oxidase system of these cells^is cytochrome 
P448 and not cytochrome P450 as in normal adult liver. Primary cultures 
of adult hepatocytes have been reported to rapidly lose cytochrome 
P450 in culture even though they have not become a dividing population 
and it is possible that other functional changes also occur as the cells
adapt to being in culture. (Michalopoulos & Pitot, 1975; Michalopoulos 
et a 1 ., 1976; Bissel & Guzelian, 1975). Therefore it is important 
to evaluate the differentiated-functional state of the hepatocytes 
in culture. Cells that are undergoing major changes as they adapt 
to being in culture may therehj' become more or less susceptible to 
the toxic effects of the added compounds. Guzelian et a l . (1977) 
suggested that the changes occur as a direct result of incompatible 
culturing conditions and not simply because the ceils have been 
removed from the intact organ in vivo and that the loss of cytochrome 
P450 in particular, could be avoided. Several laboratories are now 
investigating this possibility.
5.1.2. Cytotoxicity & Carcinogenicity Testing in Cell Culture.
Any significant change in the growth or function of the treated 
cells,compared to untreated controls,is indicative of potential toxicity.
It is possible to establish the dose-response, time course and reversibility 
of any changes resulting from the treatment. Various parameters have 
been chosen as biologicalindicators of cytotoxic or carcinogenic changes 
within the cells, parameters of cytotoxicity include decreased plating 
efficiency, cell lysis, inhibition of cell division, cell detachment, 
inhibition of macromolecular synthesis, leakage of intracellular 
enzymes and various other changes such as the accumulation of lipid, 
loss of glycogen, change in nuclear size, vacuolisation and more detailed 
ultrastructural changes. Cell culture ,as a test system for toxicity, 
has been discussed by several authors (Chayen & Bitensky, 1973;
Rofe, 1971; Nardone, 1977; Walton & Buckley, 1975; Metcalfe,1971;
Styles, 1977).
The development of cell culture . systems as short-term screening
tests for carcinogens has been the subject of much study in recent 
years. The tests can be classified into several categories according 
to the biological effect which forms the basis of the assessment* 
Chromosomal aberrations, mutations, DNA damage and repair synthesis, 
cytotoxicity and cell transformation (as typified by loss of contact 
inhibition, growth in soft agar or tumour production on baektrans- 
plantation) have been used as a means of assessing the carcinogenic 
potential of a compound, (Heidelberger, 1973, 1975;
Mishra & DiMayorca 1974; Grasso & Grant, 1977; Diamond & Baird, 1977).
DNA Repair System
Many carcinogens have been shown to bind to DNA in susceptible 
tissues (irving, 1973) and to induce lesions in the DNA template 
which may result in altered gene expression. It is now recognised 
that the cell attempts to repair these lesions by a complex repair 
system (Roberts, 1976). The induction of DNA repair synthesis was 
proposed as a screening test for carcinogens by San & Stich (1975).
The incorporation of DNA precursors ([^h ]- or [^\j]-thymidine, 
bromo- or iododeoxyuridine) into nuclear DNA is measured by estimation 
of the radioactivity in the extracted DNA or by cellular autoradio­
graphy (San & Stich 1970) under conditions where the scheduled DNA 
synthesis has been inhibited by 5-hydroxyurea (Smith &  Hanavalt, 1976) 
or by maintenance of the Cells in an arginine-deficient medium (Stich 
&  San, 1970).
Mixed Hepatocyte-Fibroblast Culture as a test for Metabolism-
Mediated Cytotoxicity or Carcinogenicity.
Many of the cell culture systems used in toxicological studies
possess a poor drug metabolising activity and either microsomes, 
(Phillips 1974; Stich & Laishes, 1975) or other cell types e.g.
BHK 21 cells (Newbold et al., 1977) are added as an activation 
system. For example, mouse L-celi fibroblasts are resistant to the 
toxic effects of DMBA but become sensitive when g r o w  on a layer of 
normal mouse fibroblasts which are capable of metabolising DMBA to 
toxic intermediates (Mittelman et al., 1972). The possible short 
comings of these activation systems has already been discussed 
(Chapter 1) and more recently, studies employing adult mammalian 
hepatocytes;with their full complement of drug metabolising enzymes 
as the activating system,have been reported (Green et al., 1977;
Fry & Bridges, 1977a). In the latter study, the dividing liver 
fibroblast population that is isolated with the hepatocytes, was 
used as the target cells whilst the hepatocytes formed the activating 
component. Cyclophosphamide has a low toxicity to the fibroblasts 
in the absence of hepatocytes. In the above mixed cell cultures, 
however, the hepatocytes are able to metabolise cyclophosphamide to 
toxic metabolites which then inhibit the fibroblast growth. In this 
hepatocyte-fibroblast system, the toxic potential of a series of 
compounds can be compared,by assessment of the concentration necessary 
to cause 50^ inhibition of the fibroblast growth (ID,-q ) relative to 
untreated control cultures, (wiebkin et al., 1978).
.1. Aims
In the following series of preliminary experiments, the metabolic 
competence of rat hepatocytes in culture is investigated using BP 
as the substrate. Since fibroblasts begin to predominate in the 
cultures after 3 - 4  days, their contribution to the metabolism of BP 
was also studied. Although BP is not reported to be carcinogenic in 
adult rat liver, the hepatocytes are capable of ^producing the requisite
toxic metabolites. Therefore, it was decided to investigate some 
cellular parameters as indicators of potential toxicity in the 
hepatocytes and to study the effect of BP on the growth of rat 
liver fibroblasts in the presence and absence of the hepatocytes.
5.2. MATERIALS & METHODS
Methods (Materials - see appendix)
5.2.1. Metabolism of BP by Cultured Rat Liver Cells
Hepatocytes were isolated from rat liver by the collagenase/
■hyaiuronidase procedure described in Chapter 2, using sterile
techniques. The cells were suspended in complete L-15 medium and 
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diluted to 1 x 10~ viable cells per ml* Plastic culture flasks were 
inoculated with 2 ml of suspension and incubated at 37°. Fresh 
culture medium was added at 4 hours and 24 hours. The metabolism 
of BP was studied in cultures on days 1 - 3 ,  8 and 9 (day 1 being 
18 - 24 hours after inoculation of the flasks). [^H]-BP (80 pM;
25 pCi per culture) was added in 2 ml culture medium to each of 
three flasks at each time point and incubated at 37° for 1 hour.
The media at each time point were pooled and each monolayer washed 
with 2 ml of medium which was added to the already pooled incubation 
medium. The cells were removed following the addition of 2 ml 0.1^ (T,r/V ) 
sodium dodeeyl sulphate in water and rinsing the flask in 2 ml PBS’A 1 . 
Cells and washings were again pooled for each time point. As a
r 3
control, |_ H]-BP was incubated in a flask containing medium but no 
cells for 1 hour. Duplicate cultures, containing cells, were incubated 
with BP at each time point, and then the number of cells (i.e. nuclei) 
per flask were determined'as described in Section 2.2. 2.5.
The test and control samples were extracted with ethyl acetate 
(2 x equal vols) and the metabolites separated and identified by the 
t.l.c. procedures described in Section 4.2.2.1.The aqueous samples 
remaining after organic extraction were divided into two portions 
and subjected to hydrolysis with either ketodase or sulphatase for
18 hoursy as described in Section 2,2. 5»2.The hydrolysis products 
were extracted with ethyl acetate and analysed by t.l.c. methods.
Fibroblasts were obtained from rat liver as follows:
Glass bottles (8.os) were inoculated with 2 x 10^ viable cells
obtained from collagenase/hyaluronidase digestion of rat liver. The
cultures were incubated until the fibroblasts formed a confluent
monolayer (10 - 12 days). Examination by light microscopy confirmed
that hepatocytes constituted less than Vfo of the total cell population.
The cells were removed from the flask following treatment with a
solution of 0.1^ (w/v) pronase and 0.5 mM'EGTA in PBSTA ’ . (5 mins
/~
O  \ o
at 37 ) and diluted to 2 x 10 viable cells per ml in complete L-15
medium. Incubations were carried out as described in Section 4.2. 2.1.
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with each incubation containing 80 jiM BP (10 juC;) and 2 x 10 cells 
in 1 ml volume. The water-soluble conjugates were hydrolysed using 
impure {3-glucuronidase.
B P  hydroxylase activity was measured in rat fibroblast suspensions 
essenxially by the method of N.ebert'& Gelboin (1968) as described in 
Section 2.2.3.3.
5.2.2. Histochemical Studies
Rat hepatocyte cultures were set up on collagen-coated glass 
coverslips. After 1 day, cultures were exposed to BP (80 ^iM) for 
either 2 hours, 6 hours, 9 hours or 24 hours at 37°. The BP solution 
was removed and the cell monolayers washed in PBS’A 1. The activities 
of NADPII-diaphorase, leucyl naphthylamidase, succinic dehydrogenase 
ana glucose-6-phosphate dehydrogenase were assayed in the cultures 
according to the methods of Chayei1 et al. (1973) and the results
quantitated by scanning microdensitometry. Duplicate test and 
control cultures (which had not been previously exposed to BP) 
were used for each assay.
The effect of BP on the cellular NADPH-diaphorase activity 
was studied further. Cultured rat hepatocytes were exposed to 
various concentrations of BP, in the range 0 - 200 pM, for 6 hours 
and the diaphorase activity was subsequently determined. Cultures 
were also incubated-with 80 pM BP in the presence of 0.1 pM 
cycloheximide for 2 hours, 6 hours, 9 hours or 24 hours. The 
activity of NADPH-diaphorase was determined after each time period.
5.2.3» Measurement of DNA repair (Brandt et al., 1972)
Rat hepatocyte cultures were set up in plastic culture flasks 
containing 2 x 10^ cells per flask. After 24 hours in culture, 
the cells were exposed to differing concentrations of BP in culture 
medium, in the range 0 - 200 pM for 6 hours at 37°. Three cultures 
were used for each concentration. After 6 hours, the cell monolayers
were washed thoroughly in three changes of PBS'A’ . 2 ml culture medium
r3containing 5 niM 5-hydroxyurea and [ H]-thymidine (20 pCiper 2 ml) 
were added to each flask and the flasks incubated for 48 hours at 
37°. Then the cell monolayers were washed with three changes of 
PBS’A ’ . The cells were removed following treatment with 2 ml Ifo w/v 
sodium dodecyl sulphate and aliquots (500 p.l) were taken for 
determination of the amount of thymidine incorporation into DNA by 
liquid scintillation counting. In preliminary experiments, the 
cellular DNA was isolated and the extent of thymidine incorporation 
determined directly but the results were the same as when whole cells
were used (Lowing^1976) so the latter protocol was adopted routinely. 
Further aliquots of the lysed cells were taken for protein determinations 
by the method of Lowry et al. (1951).
Determination of Mitotic Index
The procedure is described in Section 2.2.4.2.
5*2,4. Test for Metabolism-Mediated Cytotoxicity using the 
Fibroblast Suppression Test (Fry & Bridges, 1977)
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1 ml volumes of freshly isolated hepatocytes, containing 2 x 10 
viable cells, were incubated in 10 ml conical flasks with various 
concentrations of BP^over the range 0 - 500 Ji M. The incubations 
were carried out for 1 hour at 37° in a shaking water bath;under 
sterile conditions. The BP solutions were sterilised by membrane 
filtration prior to use. / After incubation, the cell suspensions 
were diluted 1 in 10}in complete L-15 medium. Plastic culture flasks 
were inoculated with 1 ml samples of the diluted cell suspensions and 
2 ml of complete medium. The flasks were maintained at 37° until 
the fibroblast monolayer was nearly confluent. Fresh medium was 
added 24 hours after initiation of the cultures and thereafter at 
three-day intervals. When confluence7 was reached in the control 
cultures, the number of cell nuclei per culture was determined 
(Section 2.2.2.5.).
Bat liver fibroblasts were obtained as described in Section 5.2.1. 
The cells were incubated with BP and subsequently cultured in plastic 
flasks as described above.
The inhibition of fibroblast growth by BP was calculated as
follows:
$ Growth Inhibition = 100. Nuclei No. per Test Culture 
Nuclei No. per Control Culture
x 100
5.2.5. Assay of Sulphatase and (3-Glucuronidase Activity in Rat 
Liver Cells
Rat liver fibroblasts and hepatocytes (2 x 10^ cells in 1 ml v< 
were separately incubated with either 50 pH 4-methylumbelliferyl 
glucuronide or with 50 pbl 4-methylumbelliferyl sulphate at 37° 
for 1 hour, The samples were extracted with 3.5 nil diethylether 
containing 1.5$ (v/v) isoamyl alcohol to remove the hydrolysed
4-methylumbelliferone. 2 ml samples of the ether phase were back 
extracted into 5 ml 0.2 M glycine/NaOH buffer, pH 10.4, 4-Methyl— 
umbelliferone was determined fluorimetrically using excitation and 
emission wavelengths of 370 and 444 nM respectively.
5.3. RESULTS
5*3.1. Metabolism of BP by Rat Hepatocytes in Culture
Plastic tissue culture flasks were inoculated with 2 x 10 
viable cells, isolated from rat liver by the collagenase/hyaluronidase 
procedure. The cell monolayers w r e  washed at 4 hour and 18 hours 
and fresh complete L-15 medium added. The metabolism of BP was 
studied on day 1 - 3 (24 - 72 hours) and day 8 and 9 (192 and 216 hours) 
after initiation of the cultures. Three cultures were used for each 
day and the number of attached cells was determined from a further 
2 or 3 flasks using crystal violet. 80 pM BP was added to each flask 
in 2 ml medium. However, since the cell number decreased during the 
life of the cultures, the concentration of BP per 10^ cultured cells 
varied considerably. Therefore, a quantitative comparison of the 
amounts of metabolites formed in 1 hour, was not considered possible 
but the relative amounts formed on each day are presented in Table 5.1. 
The binding of BP or its metabolites to the plastic culture surface 
was not checked but recoveries of radioactivity were in the range 
80 - 100$.
The activity of BP hydroxylase in the freshly isolated cell 
suspensions was determined from Table 4.5 and a value of 140 p moles/ 
106 cells/min obtained. In cultured hepatocytes, a mean activity for 
BP hydroxylase during the first three days of culture was calculated 
as 25 p moles/10^ cells/min, which is approximately 18$ of the activity 
in the freshly isolated cells.
Metabolites were retained to a greater extent by the cultured 
cells during days 1 - 3 in culture than in the freshly isolated cell
Table 5*1.
Amounts of the primary metabolites of BP formed by
rat hepatocytes in culture during a 6p minute incubation 
with 80 0 1  B P .
Age of
f»'jl 1 ■fur'g
9,10-
Dihydroaiol
7,8-
Dihydrodiol
4,5-
Dihydrodiol
phenols + 
Quinones - Tota1
i
■ '
0. 08 
{1?:-)
0.05
(10$)
0. lh
(29$
■
0.21 
(44 io)
0.48
(100$)
■3 0.22
(20f»)
0.13 
(12 f0)
0.23 
(21 ?»)
0.53
(48^)
1.11
(100$)
8 0.51 0.32 0.55 1.47 2.85
(18/0 (U fa ) (I9f») (52,'f.) (100$)
9 0.24
in io )
0.19
(14 f0)
0.25
(i«;0
0.70 
(51*)
1.38
(100$)
6
Each amount is expressed in nmoles/10 cells, with its percentage of 
the total metabolites given in parenthesis.
For each value, the proportion of metabolite in the cells and extracellular 
medium were added together.
suspensions.(Chapter 4). 9,10-Dihydrodiol egressed most rapidly
from the cells and was always present to the greatest extent in the 
extracellular medium. 3-HydroxyBP and 7,8-dihydrodiol were retained 
considerably within the cells and 4,5-dihydrodiol slightly less so.
The proportion of quinone in the cells and medium at the end of the 
incubation.'was equivalent to one-third of the unconjugated 3-hydroxyBP 
present and it was largely extracellular. The cultures from days 
8 and 9 contained predominantly fibroblast cells and the retention of 
metabolites within- these cells was considerably less than within the 
hepatoeyte-dominated cultures of days 1 - 3. The formation of the 
organie-extractable material that remained at the origin in the 
chromatograms (benzene-ethanol 9 : 1 t / v ) was formed to a lesser 
extent in the predominantly fibroblast incubations of days 8 and 9 ? 
compared to the hepatocyte incubations.
The phase 1 metabolites were conjugated to a lesser extent in 
the cultured cells than the freshly isolated suspensions. In each 
study after 1 hour, the proportion of conjugated metabolites present 
did not exceed 6of0 of the total metabolites formed and there was no 
significant change in the proportion of water solubles formed with 
increasing age of the cultures. The principal conjugates formed were 
the glucuronic acid conjugates of 4,5-dihydrodiol and 3-hydroxyBP. On 
days 1 - 3, 4,5~dihydrodiol glucuronide was the major water-soluble 
product but on days 8 and 9, 3-hydroxyBP glucuronide was predominant. 
Lesser amounts of the sulphate conjugates were present. 9»10-Catechol 
glucuronide and 7,S-dihydrodiol glucuronide were also formed but the 
levels were too low to quantitate accurately. When the total amounts 
of phase 1 products in each day’s culture are calculated, the ratio of 
products formed (Table 5.1) did not alter significantly with the age of
the culture. As a general trend, the proportion of 3-hydroxyBP 
formed, increased with increasing age of the hepatocytes in culture 
and the concomitant shift to a fibroblast dominated culture and 
the proportion of 4, 5 -dihydrodiol formed, steadily declined.
(Table 5.1). As the experimental conditions on each day, however, 
were not totally comparable, these figures may not be truly 
representative.
5.3*2. Metabolism of BP by B,at Liver Fibroblast Cells in Suspension
Suspensions of fibroblasts were obtained when the liver cells, 
cultured in glass bottles and allowed to reach confluency^were 
treated with pronase. Few hepatocytes had been attached in these 
cultures and these were subsequently destroyed by the action of 
pronase, to give an essentially hepatocyte-free population of cells, 
with a viability of 80 - 90$, as judged by trypan blue exclusion.
Over an incubation period of 1 hour, with 80 jM  BP, this viability 
did not apparently decrease.
The overall metabolism of BP was considerably lower in the
fibroblasts compared to the freshly isolated hepatocytes, i.e. the
total amount of metabolites produced in 1 hour per 10^ fibroblasts
was approximately 8$ of that produced by 10^ hepatocytes in 1 hour.
The activity of BP hydroxylase was measured using the fluorimetric
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method of Nebert & .Gelboin (1968) and a rate of 17 p moles/min/10 
cells was calculated. This figure is 7$ of the value for BP hydroxylase 
activity in the hepatocytes. When the conjugates of 3-hydroxyBP were 
hydrolysed and the released 3-hydroxyBP measured fluorimetrically, 
the fibroblasts were shown to be capable of forming glucuronic acid 
and sulphate conjugates, approximately 90$ of the conjugates being
glucuronides after 60 minutes incubation. A  slight lag phase in 
the onset of glucuronic acid conjugation was observed (Fig. 5.1). 
Approximately 50$ of the 3-hydroxyBP present at the end of the 
incubation was conjugated with sulphate or glucuronic acid.
The metabolism of BP by the fibroblast cells was studied in. 
more detai‘1 using the radiolabelled substrate. The amounts of the 
principal metabolites formed after 90 minutes incubation are 
presented in Table 5.2.
The ratio of the dihydrodiols formed overall corresponds to 
that reported for rat hepatocyte suspensions, i.e. approximately 
equal amounts of 4,5-and 9,10-dihydrodiol were formed, each being 
twice the amount of 7?8-dihydrodiol formed. The proportion of 
3-hydroxyBP formed was also similar in both cell types. As observed 
in the hepatocyte studies, both 3-hydroxyBP and 4,5-dihydrodiol 
were the slowest metabolites to egress from the cells. At the end 
of the incubation, however, more than 70$ of both unconjugated 
metabolites was present in the extracellular medium.
The extent of quinone formation was higher than in the cultured 
hepatocytes, i.e. approximately equal amounts of quinone and unconjugated 
3-hydroxyBP were present at the end of the incubation, the quinone 
being largely extracellular. Traces of another metabolite (Rgp = 21) 
were also observed in the extracellular medium. This was tentatively 
identified as the 9,10-catechol.
The glucuronic acid and sulphate conjugates were not separately 
analysed but after organic extraction of the free metabolites, the 
aqueous samples were incubated with impure (3-glucuronidase and the 
hydrolysed metabolites examined. The principal phase 1 metabolites
Fig. 5.1
Metabolism of BP in rat liver fibroblast suspensions as determined 
by the fluorimetric assay
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Table 5«2.
Principal metabolites formed from 80 pM BP by rat liver
fibroblast suspensions.
Incubation
'--^Time
Metabolite
60 min.
■ ■
90 min.
Medium Cells Medium Cells
9,10-dibyclrodiol- 110 30 189 3°
7 ;8-dihydrodiol 46
.
21 55 17
4.5-dihydrodiol 64 28 97 34
3-hydroxyBP 104 57 121 62
quinone )—
> 
ro 46 100 49
s material at origin' 44 14 37 19
3-hydroxyBP conjugates 68 N.D. 195 N.D.
4,5-dihydrodiol conjugates 46 N.D. 89 N.D.
6
Units = p moles metabolite/10 cells
N.D. = not determined
that had subsequently undergone conjugation in the cells, were
3-hydroxyBP and 4,5-dihydrodiol. Little or no radioactivity was 
associated with 7,8- on 9 }10-dihydrodiol following deconjugation 
and only very low levels of 9?10-catechol were observed (too low to 
quantitate). The total proportion of conjugated metabolites present 
was approximately 30Jo.
Arylsulphatase and (3-Glucuronidase Activity of Isolated 
Rat Liver Cells.
The levels of deconjugating activity were determined in freshly 
isolated suspensions of rat hepatocytes and in suspensions of rat 
liver fibroblast cells, using 4-methylumbelliferylsulphate and 
glucuronide as substrates. The activities are given in Table 5.3*
Table 5*3. .The activities of (3-glucuronidase and arylsulphatase in
rat liver cells
Deconjugation Cell Type
Enzyme Hepatocyte Fibroblast
(3-glucuronidase 0.07 0*05
Arylsulphatase 0*65 1.33
Units = n moles 4-methylumbelliferone released /h/10^ cells.
5.3.4. Cytotoxicity Studies
Rat liver cell suspensions did not exhibit any immediate loss 
of viability following exposure to high concentrations (up to 1 mM) 
of BP for 1 hour (Chapter 4). When cultured liver cells were exposed 
to BP for periods of 24 hours or longer, there was a marked decrease 
in the numbers of attached cells, e.g. the number of attached cells
in cultures exposed to 80 phi BP for 24 hours^decreased b y 3}-ifo 
relative to control cultures containing no BP. Since the uptake 
of trypan blue or cell detachment in culture are probably indicative 
of gross cellular damage, it was proposed to investigate several 
intracellular enzyme activities following exposure to BP in order 
to look for some initial signs of toxicity.
The effect of various times of exposure to 80 jM  BP on the 
cellular activities of enzymes is shown in Fig. 5.2. The results 
are the mean of two separate experiments in which a minimum of 
fifty single cells were measured per assay per experiment. The 
variation in control values during the course of each experiment did 
not significantly alterytherefore;only the values at 0 hour are 
reported here. After 24 hour exposure, the activity of NADPH- 
diaphorase and succinic dehydrogenase were significantly increased. 
The activity of leucyl naphthylamidase was initially increased but 
after 6 hours exposure the activity began to decrease again. The 
same phenomenon was observed following exposure to 200 jM  BP. The 
increased lysosomal activity in cells exposed to polycyclic hydro­
carbons has previously been observed by Allison &  Mallucci (1964). 
The activity of glucose-6-phosphate dehydrogenase was initially 
inhibited by BP but after 24 hours, the activity had almost reached 
its control value again. The dose-response relationship of NADPI1- 
diaphorase to BP was also investigated (Fig. 5.3)* The enzyme 
activity increased in proportion to the concentration of BP within 
the dose range studied. When the cells were exposed simultaneously 
to BP and cyclohexim.ide, the increase in enzyme activity was reduced 
but not totally suppressed (Fig. 5.4). The diaphorase activity of 
cells incubated with eyclohexiinide alone, was also greater than the 
controls containing no additions. Whitlock & Gelboin (1973) studied
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Fig. 5.3* Effect of iBP and cycloheximide on NADPH-diaphorase activity 
in cultured hepatocytes.
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the induction of BP hydroxylase by benz(a)anthracene in cells 
cloned from Buffalo rat liver and observed similar effects with 
cycloheximide.
No increase in mitotic index was observed when cultured 
hepatocytes were exposed to concentrations of BP between 50 i^M and 
200 pM for periods up to 24 hours but DMA.repair increased with 
increasing dose of BP. Examination of the cells by light microscopy 
following staining with haematoxylin and eosin or with oil red 0 
for lipid, did not reveal any differences compared to the controls.
5.3.5. Fibroblast Suppression Test
When fibroblast cells were incubated with BP in the presence 
or absence of hepatocytes, and then cultured, the subsequent growth 
of fibroblast cells was inhibited (Table 5.4). The inhibition of 
fibroblast growth was dependent upon the concentration of BP. Dose- 
response curves were plotted for the toxicity of BP (Fig. 5.5) and 
from these, the concentration required to inhibit fibroblast growth 
by 5C/c (ID^q) was determined. When the fibroblasts were incubated 
alone with BP prior to culturing, a subsequent ID^q value of 
4 pH BP (2 1^ g/ml) was determined. In the presence of hepatocytes, 
however, the toxic effect of BP on the fibroblast cells was reduced. 
Consequently, an IC^q value of 55 jM  (14 jig/ml) was determined for 
the cultured fibroblasts.
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Fig. 5.6. Inhibition of fibroblast growth by BP
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Fibroblasts cultured in the presence of hepatocytes
• . 
® ®  Fibroblasts cultured in the absence of hepatocytes.
Cells were incubated for 1 hour, cultured and then counted wben 
the controls reached confluency, i.e. Ofo growth inhibition.
5.4 DISCUSSION
5.4,1. The Metabolism of BP by Cultured Liver Cells
Adult mammalian hepatocytes undergo adaptive changes when 
established in monolayer cultures which lead to alterations in 
the levels of microsomal constituents and the responsiveness to 
inducers of mixed function oxygenase activity (Michalopoulos et al., 
1976; Owens & Nebert, 1975; Bissel &  Guzelian, 1975). Shortly 
after initiation of the culture, the levels of cytochrome P450 and 
cytochrome b^ decline although they are still measurable 
(Michalopoulos et al., 1976) but NADPH-cytochrome c reductase 
activity is only slightly reduced (Guzelian et al., 1977). The 
resulting changes to the microsomal oxidative activities varies 
according to the substrate employed. The activity of aminopyrine 
N-demethylase and aniline hydroxylase decline sharply (i.e. 
approximately 80$ reduction in 24 hours) whereas p-nitroanisole 
0-demethylase activity remains unchanged (Guzelian et al., 1977).
In the present study, the activity of benzo(a)pyrene hydroxylase 
had declined after 18 hours in culture to approximately 10 - 20$ of 
the activity of the freshly isolated cells. In the study by Guzelian 
et al. (1977), the activity of BP hydroxylase had decreased after 
24 hours culture to 41$ of the initial activity. In a study in this 
laboratory, by Fry (personal communication), the activity of ethoxy- 
coumarin O-deethylase in cultured rat hepatocytes had decreased by 
75$. It is probable that different species of cytochrome P450 act 
as mediators in these oxidative reactions and, therefore, the 
varying degrees to which each microsomal activity is altered in the'- . 
cultured cells may be indicative of the respective susceptibility of 
the cytochrome species to the conditions of cell culture.
Owens & Nebert (1975) showed in liver-derived cell-lines that 
the cytochrome P450 spectrum is altered such that the spectral 
maximum occurs at 448 nm rather than 450 nm, althoxigh it is not clear 
whether this has resulted from a loss of cytochrome P450 or an 
absolute increase in cytochrome P448. However, it is known that the 
serial propagation of liver cells results in the loss of many features 
of the differentiated liver including cytochrome P450. Guzelian et al. 
(1977) observed a decline in the level of cytochrome present in primary 
cultures of rat liver, but the spectrum remained unaltered. In the 
present study, one would associate a change in the relative amounts of 
the sub-species of cytochrome P450 present with changes in the ratio of 
primary oxidative products formed, notably an increase in the proportion 
of 3-hydroxyBP, 9,10- and 7,8-dihydrodiol present (Rasmussen &  Wang, 1974) 
A  small shift in the metabolite profile to a more P448—dominated situation 
was observed between days 1 and 3. (Table 5.2). The persistence of 
P450 functions, however, namely the formation of 4,5-dihydrodiol, suggests 
that the haemoprotein species still resemble more closely the in vivo 
situation than the dividing cell-lines.
The loss of cytochrome P450 is not the result of a general decline 
in cell viability as a result of the isolation and culturing procedure 
(Chapter 2; Berry & Friend, 19^9 j Bonney et al., 1974) but is, 
nevertheless, indicative of a certain loss of specialised function.
Several authors have suggested that this is the result of non— optimal 
culturing conditions, which when corrected, will enable the liver cells 
to be maintained in their fully differentiated state (Michalopoulos 
et al., 1975, Guzelian et al., 1977). The examination of the changes 
in culture and their correction should also lead to a greater under­
standing of the cellular control of specific hepatic functions.
The proportion of the primary metabolites that were subsequently 
conjugated with glucuronic acid or sulphate (60$ total metabolites) 
was slightly lower than in the fresh cell suspensions (7S$). 95$
of the metabolites produced from ethoxycoumarin in cultured rat 
hepatocytes or fresh suspensions were conjugated (Fry, personal 
communication). Therefore the lower degree ox conjugation of 
BP metabolites by the cultured cells, probably does not result 
from adaptive changes within the cells. It is more likely that 
some of the primary metabolites became attached to the plastic 
culture surface during the incubation and were therefore unavailable 
for further metabolism, but were subsequently removed by the action 
of sodium dodecyl sulphate and accounted as free metabolites 
associated with the cells. Hence the overall recovery of radio­
activity was the same as in the studies with cell suspensions but 
the apparent retention of metabolites by the cultured cells was 
more marked.
The cultures of day 8 and 9 contained predominantly fibroblast 
cells but the pattern and extent of BP metabolism did not significantly 
alter. A slightly greater proportion of phenols (7$ more) and 
lower proportion of 4,5 -dihydrodiol (ll$ lower) were formed at 
day 9 compared to day 1. A similar pattern of metabolism was 
observed in the fibroblast suspensions. Therefore, the species of 
cytochrome P450 involved in the mixed function oxidase system of 
the fibroblast does not appear to be significantly different from 
that of the hepatocyte, with respect to the metabolism of BP.
However, the overall activity of BP hydroxylase in the fibroblast 
cell suspensions was only 50$ of that measured in the day 8 and 9 
cultures. The proportion of glucuronic acid and sulphate conjugates 
formed was also less. The lower activities measured in the suspended
fibroblasts could be explained in three ways; (1) The cell 
population of the day 8 and 9 cultures contained less than 1$ 
hepatocytes but as these cells possess a higher level of BP 
hydroxylase activity, the overall activity measured in the 
cultures appeared higher than in the pure fibroblast suspensions* 
(2) The fibroblast cells may have been damaged by the pronase 
although this was not evident from the trypan blue test. The 
trauma of their removal from culture may have resulted in reduced 
cofactor levels. (3) Fibroblasts may be more susceptible to BP 
toxicity. In the presence of even low numbers of hepatocytes, the 
fibroblasts may be protected by the rapid metabolism of BP to non­
toxic products by the hepatocytes. . This point will be discussed 
further in the next section.
5.4.2. BP Cytotoxicity in Cultured Liver Cells.
Although BP caused increased cell detachment in cultures of 
rat hepatocytes, there was no evidence of any toxic changes in the 
remaining cells when examined by light microscopy. The appearance 
of the cytoplasm, glycogen and lipid levels, nuclear size and 
mitotic index were the same in both tests and controls.
The intracellular levels of NADPH-diaphorase and succinic 
dehydrogenase were increased following exposure to BP (80 pM), 
although the enhancement of the latter enzyme activity was much 
less. In a study by Lowing et al. (1978) similar patterns of 
induction were obtained following exposure to 3-methylcholanthrene 
(100 pM).
The activity of ethoxycoumarin 0-deethylase in rat hepatocytes
cultured in this laboratory, was induced by benz(a)anthracene 
(13 pM). Maximal levels of activity were attained following 
24 hour continuous exposure to the inducer.. (Fry, personal 
communication). In the latter study, the enzyme was also induced 
by phenobarbitone (2mM) although the time course of induction 
differed. Maximal induction was obtained after 4 - 5  days 
exposure to phenobarbitone. The rapid induction produced by 
polj’cyclic hydrocarbons and the slower phenobarbitai induction 
correspond to the situation in vivo. The effects of benz(a)anthracene 
and phenobarbitone were also additive. Thus the responsiveness to 
inducers of mixed function oxidase activity has not been lost from 
these cultured rat hepatocytes. The induction of NADPH-diaphorase 
by BP was dose-dependent, with no loss of inducibility even at the 
maximum dose (200 jpM) which might have indicated toxicity (Fig. 5.3). 
In contrast, Lowing et al. (1978) showed that low concentrations 
of various hepatocarcinogens (2-acetylaminofluorene, 6-aminochrysene 
and 3-methylcholanthrene) increased the activity of NADPH—diaphorase 
but when added at concentrations in excess of 10 pM, the extent 
of the induction declined. This was probably indicative of a toxic 
effect.
The NADPH-diaphorase induction by BP was only partially 
inhibited by cycloheximide which stopped de novo protein synthesis 
(Fig. 5.4). It is possible that a latent form of NADPH-diaphorase 
also exists within the cell which was activated following direct 
exposure to BP. Whitlock & Gelboin (1973) reported an induction of 
mixed function oxidase activity by the temporary inhibition of 
protein synthesis. An increased level of NADPH-diaphorase activity 
following treatment with cycloheximide alone was observed in the 
present study, which supports this reports However, it does not
explain totally the induction caused by BP in the presence of 
cycloheximide alone. It is possible that the level of cyclo­
heximide used (10 ^M) was not sufficient to completely stop 
protein synthesis but Lowing et al. (1978) reported similar effects 
with 3-methylcholanthrene at a three-fold higher concentration
_ i,
(10 ^M) of cycloheximide.
The activity of glucose-6-phosphate dehydrogenase was 
inhibited by BP but after 24 hours, the activity had returned 
almost to the control level, possibly new enzyme had been 
synthesised.
The lysosomal enzyme, leucyl naphthylamidase was increased 
in the presence of BP. This enzyme is enhanced in many pathological 
conditions (see Chayen et al. 1973 for discussion) and when measured 
quantitatively, showed the characteristics of latency,, known for 
lysosomal membranes (Bitensky et al., 1972). Allison & Mallueci 
(1964) showed that BP is taken ".up by cells, in culture or in vivo, 
and selectively concentrated in the lysosomes. This may lead to a 
decreased stability of the lysosomal membranes with the subsequent 
release into the cytoplasm of lysosomal enzymes. This may have 
occurred in some hepatocytes in culture, leading to cell lysis and 
loss from culture.
It is evident from the photographs that there is not a high 
degree of uniformity amongst the ceil populations. A  wide range 
of enzyme activities may be measured in a single culture and their 
response to BP is also not uniform. This could be indicative of 
a variable viability amongst the cells in culture or of different
subpopulations of cells that have arisen from different areas of 
the liver lobe (Novikoff, 1959), with differing susceptibilities 
to the effects 'of BP. When successful methods are developed for 
the separation of different sub-populations of cells, this situation 
may be better understood.
The extent of DNA repair increased with increasing levels of 
BP. Carcinogens produce DNA repair in primary cultures of 
hepatocytes whether the liver is the normal target organ for the 
carcinogen or not (Lowing,1977). It is possible that the nature 
of the damage or the qualitative and/or quantitative efficiency 
of the repair may be different in susceptible tissues from 
refractory tissues. Alternatively the DNA repair system although 
liable to become error-prone or saturated, may be secondary in 
importance to the crucial carcinogenic event or simply an 
non-specific toxic manifestation within the cell,
BP, in contrast to many other carcinogens (Weibkin et al., 1978) 
was more toxic to rat liver fibroblasts in the absence of hepatocytes 
than in the mixed cell culture. Cytotoxicity in the fibroblasts 
was determined as inhibition of growth. It was expected that the 
cytotoxicity would be greater in the presence of hepatocytes 
because the greater metabolic activity of the hepatocytes would 
lead to the generation of higher levels of the reactive species 
which would then be taken by the fibroblasts. The nature of the 
reactive intermediate involved, however, is uncertain. Several 
reports have demonstrated the cytotoxicity of 3-hydroxyBP 
(Geiboin et al ., 1969; Lubet et al., 1973) and more recently, of 
several other metabolites of BP (Wislocki et al., 1976by Wood et alt, 
1976b) in mammalian cells. The results of this study have shown that
BP is not overtly toxic to hepatocytes in culture although the 
liver does generate the potential toxic intermediates. Whilst a 
proportion of the cells are lost from culture, it must be concluded 
that overall>the liver is able to adequately detoxicate the 
intermediates before they can cause extensive damage. In this 
respect, the rapid detoxicating capacity of the liver m a y  protect 
the fibroblasts from building up high levels of any toxic 
intermediates, while in the absence of the hepatocytes, the balance 
of activation and detoxication in the fibroblast favours toxic 
intermediate formation.
The activity of the phase 2 conjugation systems in the fibroblasts 
was lower than in the hepatocyte, in particular the extent of 
sulphate conjugation was very low. The fibroblasts were also shown 
to possess substantial arylsulphatase activity (Table 5*3). Therefore, 
attempts by the cells to remove the intermediates by sulphate 
conjugation might lead to regeneration of the toxic intermediates 
following the action of arylsulphatase, thereby prolonging the life 
of bhese intermediates within the cells.
The results discussed in this chapter need to be substantiated 
by more detailed experimental studies. For example, the amounts 
and nature of the cytochrome P450 subspecies present in the cultured 
hepatocytes could be investigated by more direct methods such as 
spectroscopy or gel electrophoresis or by further metabolic studies.
The time basis for the decline in mixed function oxidase activity 
is important and should also be studied more closely. The 
susceptibility of the fibroblasts and hepatocytes, both separately 
and when co-cultured, to the toxic effects of BP warrants further 
investigation. In particular,a dose-response study using more
parameters of cell toxicity could be undertaken.
In conclusion, it appear; that the use of mixed-cell 
populations, such as described here, may be of value in the 
investigation of metabolism-mediated cytotoxicity or carcinogenici 
The hepatocytes, acting as the metabolising system, could be 
co-cultured with suitable cell types as a possible screening 
approach for the evaluation of toxic chemicals whose effects 
become manifest following metabolic activation,,
CHAPTER 6
Chapter 6.
FINAL DISCUSSION
In order to elucidate the role of metabolism in the cytotoxicity 
and carcinogenicity of a foreign compound, an understanding of the 
overall metabolic fate of the compound, particularly the balance bet-ween 
the formation and deactivation of reactive intermediates, is essential. 
The many factors that can influence the metabolic fate of a compound 
within the cell were outlined in Chapter 1 and particular attention 
given to the influence of membrane permeability and macromolecular 
binding. The susceptibility of certain tissues is probably also 
related to the presence of specific target sites within the cell 
and the ability of the cell to repair the damage inflicted by the 
reactive metabolites.
Isolated cells, particularly hepatocytes, are a valuable 
experimental model in studies on the biotransformation of foreign 
compounds, particularly as some of the physiological implications of 
this process to the cell can be investigated concomittantly.
Most in vivo toxicological studies are conducted in adult animals, 
therefore it is important that the whole cell preparations are also 
obtained from adult animal's. The collagenase and hyaluronidase 
digestion of liver has been well substantiated as the best approach 
for the preparation of hepatocytes from adult animals, the rat being 
the animal most commonly used. The disadvantages of the perfusion 
method with respect to both the larger animals and also the very small 
ones or liver biopsy samples were discussed in Chapter 2. Thus the 
development of the slicing technique was a simple means of circumventing
the problems posed by perfusions for these species. This method 
proved readily applicable to the isolation of non-proliferating liver 
cells from a variety of mammals and various hepatic functions associated 
with the fully differentiated cells in vivo could be demonstrated 
(Chapter 2). In particular?the hepatocytes were capable of performing 
both phase 1 and 2 reactions without the requirement for exogenously 
added cofactors and in a manner comparable to that observed in vivo.
The slicing technique has probably been avoided by other laboratories 
where only rat studies are conducted, as the degree of mechanical 
treatment involved is greater than with perfusions and the yield of 
viable cells is less. In our opinion, however, the yield of viable 
cells released by the slicing technique is sufficiently high to be 
representative of the total cell population and the viability of the 
cells has been demonstrated by various cellular parameters. It would 
be interesting, however, to carry out a direct comparison of the cells 
prepared by the two methods in the same laboratory, where variables 
such as the strain of rat, choice of substrate etc. can be controlled.
The slicing technique was used successfully in the isolation of 
renal tubule fragments thus enabling a species and tissue comparison 
of the metabolism of benzoic acid to be carried, out (Chapter 3). A 
continuous cell-line of hepatoma cells was also established from an 
ethionine-induced rat tumoUr (unpublished).
The ease with which large quantities of viable hepatocytes can 
be prepared, permits their use as a model system for the development 
of methodological techniques which may be applied to other cell types 
that are only obtained in smaller numbers, such as bronchial epithelial 
cells (Santos, 1978) and'.intestinal wall epithelia 1 cells (Shirkey, 1977).
These cell systems can now he used in a detailed comparative study 
of the metabolic and biological fates of compounds such as BP which 
exhibit a degree of organ specificity in their toxic effects in vivo. 
These latter cell types could not be isolated using collagenase and 
hyaluronidase, neither can cells from lung tissue nor skin epidermis.
The metabolism of BP was investigated more fully in hepatocytes 
isolated from the rat, ferret and hamster and several interesting 
features were observed (Chapter h). The determination of BP hydroxy­
lase activity by the fluorimetric method (Nebert & Gelboin, 1968) is 
generally assumed to be a good index of the overall BP metabolism 
(Lu et al., 1976). The findings of the present study, however, indicate 
that for some species, the hamster in particular, this may not be 
true since the principal product measured in the fluorimetric assay,
3-hydroxyBP, was further metabolised to a quinone.
The 'formation of tetrol from 7?8-dihydrodiol by the hepatocytes 
shows that the postulated ultimate carcinogenic form of BP, 9 ,10-oxide- 
7,8-dihydrodiol,is generated within the hepatocyte. This raises the 
obvious question of why BP is not apparently an hepatocarcinogen? ,'•> 
Unfortunately no conclusive answer can be given. It is possibly that 
the diolepoxide is metabolised too rapidly to the tetrol for interaction 
with critical cellular loci to occur or that the metabolism occurs 
towards the periphery of the cell, rather than in the nuclear region 
as postulated by Vadi et al. (1976). The DNA repair synthesis in the 
cultured cells was induced by both hepatocarcinogens and non-hepato- 
carcinogens, including BP (Chapter 5, Lowing et al., 1978). This could 
be interpreted..in several ways. It is possible that the induction of 
DNA repair synthesis is not a critical indicator of carcinogenic changes
within the cell or,in liver, the DNA repair system may be more 
efficient than in other tissues. Alternatively, the cellular factors 
which determine organ specificity may have been lost from the cultured 
cells. BP could be a potential hepatocarcinogen if a sufficient 
latent period and the correct promotors are supplied. At present, 
one can only speculate upon such questions but the development of 
cell systems which resemble closely the in vivo situation is an 
important approach in our understanding of the biological response 
patterns to carcinogens.
Hepatocytes from the adult rat and several other species, can be 
established in primary culture and maintained for approximately 7 - 8  
days. During this time, the cells continue to exhibit various 
differentiated functions, typical of the liver in vivo. For example, 
the cells had retained the capacity to metabolise BP and ethoxycoumarin 
in a manner comparable to the freshly isolated cells, although the 
overall extent of metabolism was considerably reduced. The mixed 
function oxidase activity was, nevertheless, inducible by both 
phenobarbitone and polycyclic hydrocarbons (Chapter 5). The hepatocyte 
culture is a useful technique for the study of long term events in vitro 
such as substrate-mediated induction of metabolism and epithelial 
carcinogenesis. However, its value is limitedj/by the fact that some 
funntional changes do occqr in the cultured cells, as reported by 
several workers. Some functions are stable for several days whilst 
others change within hours after initiation of the culture. These 
were outlined in Chapter 2. The rapid decline in levels of cytochrome 
P450 and changes in drug-metabolising capacity are outside the time 
frame of genetic change and therefore are almost certainly pheno'typi-c 
(Bissell & Guzelian, 1975). Hence these changes are potentially
preventable or reversible by suitable adjustment of the medium 
during the cell isolation and subsequent culture. Supplementation 
of the medium with various metabolic factors has been suggested, 
such as glycerol, ascorbic acid, adenine and fructose (Guzelian & 
Bissell, 197*0 or a complex hormone mixture (becard et al ., 1977).
The loss of cytochrome P450 is associated with an increase in haem 
oxygenase (Bissell & Guzelian ,1975j Guzelian & Bissell^1976). It 
is possible that the cytochrome could be stabilised by exposure to 
very low levels of carbon monoxide during the cell isolation, 
alternatively a specific inhibitor of haem oxygenase:,imight be found.
Thus there is much scope for continued research in this area. Whilst 
the obvious goal is the successful maintenance of fully differentiated 
hepatocytes in vitro, the investigation of the adaptive changes 
in culture might lead to a greater understanding of the control of 
specific hepatic functions in vivo.
A great range of activity was measured in the cultured hepatoeyte 
population when a particular intracellular enzyme was assayed. This 
may indicate the presence of different subpopulations of hepatocytes 
within the culture that were isolated from different intralobular 
regions of the liver. Since these subpopulations exhibit different 
metabolic capabilities which would affect the level of reactive 
intermediates formed, there may be great diversity in the susceptibility 
of different subpopulations of cells to a particular foreign compound.
In order to investigate this more fully, it would be necessary to 
separately culture cells isolated from different intralobular regions 
of the liver.
In the present study, the maintenance of hepatocytes in culture
was greatly hampered by the overgrowth of fibroblasts. In Chapter 5, 
the fibroblasts were reported to exhibit a reasonable degree of 
metabolic competence which should not be overlooked. It was also 
evident that these cells may show great susceptibility to the toxicity 
of compounds investigated in the primary cultures. The consequences 
of fibroblast toxicity might include cell lysis with the subsequent 
release- of hydrolytic enzymes which could destroy conjugates formed 
by the hepatocytes or even damage the hepatocytes themselves. The 
presence of fibroblasts in the hepatoeyte cultures, however, was 
used to good advantage by Fry & Bridges (1977) in the fibroblast 
suppression test. Perhaps the scope of this approach could be 
widened to include the study of cell transformation in the surviving 
fibroblast population, following exposure to carcinogenic metabolites 
generated by the hepatocytes, in the course of their metabolism of an 
added foreign compound. One may envisage that in the near future, 
hepatocytes will behco-eultured with other susceptible cell types, 
in the development of screening systems for potential carcinogens.
Further attempts should be made, however, to obtain fibroblast- 
free cultures of hepatocytes. Growth of the cells in arginine- 
deficient media or in media supplemented with 5-hydroxyurea or 
dexamethasone have been tried (Chapter 2). Other workers have suggested 
using culture medium containing D-valine or high concentrations of 
foetal calf serum to suppress fibroblast growth. These methods could 
lead to impairment of the cultured hepatocytes. A better approach 
would be to try and remove the fibroblasts before setting up the 
cultures, possibly by centrifugation of the cell suspension in a 
density gradient. Regenerated liver, following partial hepatectomy, 
contains a lower proportion of support matrix compared to normal liver.
It would be interesting to see if hepatoeyte cultures, set up from 
regenerated liver, contained fewer fibroblasts.
Studies on the feasibility of isolating hepatocytes from human 
liver, were hampered by the low availability of human liver biopsies. 
One hopes that this will not remain a problem in the future. At 
present, the extrapolation of findings in animal studies to man is 
often tenuous. Human hepatoeyte cultures would be valuable in the 
elucidation of differences in foreign compound metabolism and toxicity 
between man and other animals. If human liver samples became more 
readily available in the future, one could envisage that the supply 
would be highly variable. Therefore it vTould be useful if a storage 
bank of isolated human hepatocytes could be established. Attempts 
to store suspensions or cultures of isolated rat hepatocytes have 
not been very successful. More technical advances are necessary 
before the cells can be stored for long periods without any loss of 
specialised function.
In conclusion, it may be said that liver cell cultures offer 
several special advantages for the study of the mechanisms of many 
important biological phenomena. However, it is evident that whilst 
much information has already been accumulated, a greater understanding 
of the nature of the isolated hepatocytes in suspension and more 
particularly in culture, is necessary before this experimental model 
can be fully exploited in biochemical research.
APPENDIX
APPENDIX
Antibiotics 
Biphenyl
2-Hydroxybiphenv1
4-Eyd r o xyb iphe ny1 
Blades (microtome)
Bolting Cloth (150 um pore size] 
Colcemid
Collagen (acid soluble)
Collagenase Type CLSl
Dexamethasone
EGTA
Elastase (Hog Pancreas)
7-Ethoxycoumarin
Foetal Bovine Serum
Glucagon
P-Glucuronidase, type HI, containing 
some sulphatase activity
(3-Glucuronidase, ’Ketodase'(pure)
Histochemical reagents 
Histological stains
Hyaluronidase (type II, oirne testes) 
Insulin
Flow Labs. Ltd., Scotland
BDH Ltd., Poole, Dorset 
(recrystallised twice from 
9&fc ethanol)
BDH Ltd.
Aldrich Chemicals Co., London
Swann-Morton PM40, Swann-Morton 
Sheffield, 
or American Optical, Buffalo, . 
NY14215, U.S.A.
Henry Simon Ltd., Cheadle Heath 
Stockport.
Calbiochem, Bishops Stortford, 
Herts.
Sigma Ltd., London
Sigma Ltd., London
Sigma Ltd.
Sigma Ltd.
Sigma Ltd.
Synthesised according to 
Ullrich &  Weber (1972)
■Gibco Bio-Cult Ltd.,
Glasgow, Scotland
Sigma Ltd.
Sigma Ltd.
William Warner & Co. Ltd., 
Eastleigh, Hampshire
Sigma Ltd.
Raymond A. Lamb, London 
Sigma Ltd.'
Eli Lilley Ltd.
SUPPLIERS OF MEDIA, MEDIA SUPPLEMENTS, CHEMICALS AND APPARATUS
Liebovitz (L-15) medium Gibco Bio-Cult Ltd.
Leighton tubes Bellco Ltd. (UK agents Arnold
It. Horwell)
Lysozyme Boehringer-Mannheim Ltd.,
Lewes, Sussex
MEM with Earle!s BSS without arginine Gib-Biocult Ltd.
4-Methylumbe11iferone Sigma Ltd.
Microscope & Camera - Olympus (Tokyo) CK Inverted Microscope with
PM6 camera system
Neubauer counting chamber Gelman Hawksley, Lancing,
Sussex
poly-1— lysine Sigma Ltd.
Protease (type Y, streptomyces griseus) Sigma Ltd.
Radiochemicals Radiochemical Centre, Amersham
Subtilisin Sigma Ltd.
Tissue Culture Flasks Corning Co., distributed by
Fisons Ltd., Loughborough
Trypan blue (0.4$> 1:6) Gibco Bio-Cult Ltd.
Tryptose phosphate broth Flow Labs Ltd.'
Trypsin (2.5^, 1:250) Gib-Biocult Ltd.
Hmbelliferone (7-hydroxycoumarin) Fluka AG, Switzerland
Vipkase Flow Labs. Ltd.
Any other tissue culture reagents were obtained from Flow Labs. Ltd. 
All other chemicals and reagents were of the highest chemical purity 
obtainable.
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